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NOTICE: The study reported herein was under-
taken under the aegis of the National Research
Council with the express approval of the Governing
Board of the NRC. Such approval indicated that the
Board considered that the problem is of national
significance; that elucidation of the problem re-
quired scientific or technical competence and that
the resources of the NRC were particularly suitable
to the conduct of the project. The institutional
responsibilities of the NRC were then discharged
in the following manner:

The members of the study committee were se-
lected for their individual scholarly competence and
judgment with due consideration for the balance and
breadth of disciplines. Responsibility for all as-
pects of this report rests with the study committee,
to whom we express our sincere appreciation.

Although the reports of our study committees
are not submitted for approval to the Academy mem-
bership nor to the Council, each report is reviewed
by a second group of scientists according to pro-
cedures established and monitored by the Academy's
Report Review Committee. Such reviews are intended
to determine, inter alia, whether the major gques-
tions and relevant points of view have been addres-
sed and whether the reported findings, conclusions,
and recommendations arose from the available data
and information. Distribution of the report is
permitted only after satisfactory completion of
this review pProcess.
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PREFACE

In the spring of 1971, the International Decade
of Ocean Exploration Office of the National Science
Foundation requested that the Ocean Science Commit-
tee of the Ocean Affairs Board conduct a workshop
to examine, in detail, the scientific problems re-
lated to its marine environmental guality program.
Five major problem areas were selected: 1) the
identification of major recognized and unrecognized
pollutants, their sources and rates of input;

2) delineation of processes affecting the dispersal
of these pollutants; 3) understanding the geochemi-
cal and biological transfer of critical elements or
compounds in the ocean; 4) establishing the effects
of pollutants on organisms including man; and

5) identification of the sites of final deposition
of specific elements and compounds in the ocean
environment.

An ad hoc steering committee, chaired by David
W. Menzel (Skidaway Institute of Oceanography),
was formed to organize a workshop to study these
areas. Based on recommendations from many ocean
scientists, approximately 50 scientists, selected
to include specified areas of expertise rather than
representation by geographical location, government
agency, or private laboratory, were invited to par-
ticipate. Task groups were formed to study each of
the five problem areas, chaired respectively by
Edward D. Goldberg (Scripps Institution of Ocean-
ography), John W. Winchester (Florida State Uni-
versity), John S. Bunt (University of Miami),

vii
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Richard Barber (Duke University), and Donald W.
Hood (University of Alaska). The workshop was held
at the New England Center for Continuing Education,
Durham, New Hampshire, August 9-13, 1971.

This report aims to highlight areas of investi-
gation that the group believed were important for
further study. There was no attempt to be either
exhaustive or encyclopedic. In this field, in which
the hard data are sparse, changes in emphasis can
be expected as new information becomes available.

A continuing examination of the scientific problems
involved in understanding man's effect on the qual-
ity of the marine environment will be necessary in
order to further plan and develop research programs.
While this report is necessarily incomplete and
fragmentary, we hope it will be of use to scientists
and administrators both nationally and internation-
ally who are concerned with problems of marine en-
vironmental quality.

The preparation of this report was carried out
as a special study under the auspices of the Ocean
Science Committee of the Ocean Affairs Board. The
funds for the study were provided by the National
Science Foundation.

We gratefully acknowledge the invaluable as-
sistance with local arrangements given to us by
Dr. Galen Jones (University of New Hampshire). We
extend appreciation to the six University of New
Hampshire graduate students (Edward R. Gonye, Jr.,
Richard Fralick, Kenneth Turgeon, Barry Hutchinson,
Edward Washburn, and Judith E. McDowell) who as-
sisted the participants in their work, to Deena
Wallace of the National Science Foundation IDOE
staff and Ruth Jeralds of the Jackson Estuarine
Laboratory for their secretarial assistance, and
especially to Susan H. Anderson, Administrative
Assistant to the Ocean Affairs Board, for assuming
the detailed conference management responsibilities
and for the final editing and preparation of this
report.

Richard C. Vetter
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JOHN W. WINCHESTER CHAPTER I

INTRODUCTION

The addition of chemical pollutants to the ma-
rine environment may be a serious threat to man and
to the marine ecosystem with which he is involved.
The following study, based on this premise, reviews
the current status of our knowledge of ocean pol-
lution, identifies areas requiring additional re-
search, and establishes priorities for research
efforts.

Marine pollution problems arise from what has
happened or is now happening in the environment.
These problems differ from those in the basic sci-
ences of biology, chemistry, and physics, which in-
volve universal properties of matter and for which
a scientific method of verification of hypotheses
through experimentation is well suited. Environ-
mental problems involve phenomena that vary with
time and that are the result of combinations of
conditions that may never be exactly repeated. A
scientific method of research under such conditions
must be a combination of experimentation and obser-
vation that enables us to confirm hypotheses with
sufficient certainty that we can make policy deci~
sions relating to the control of our environment.

To design the most effective scientific method
for research in marine pollution was the most im-
portant task confronting the study participants and
one that will be frequently discussed together with
more specific technical questions. It is to our
advantage that we develop a satisfactory method for
this research soon.



2 INTRODUCTION

In recent years, we have become aware of the
spread of lead, mercury, and other heavy metals and
of chlorinated hydrocarbon insecticides and indus-
trial chemicals into remote regions of the world
ocean. Few scientists had foreseen that this could
happen, and few are confident that they fully
understand how it did happen. Many study partici-
pants agreed that high priority should be given now
to research on the pathways for these specific pol-
lutants and on their impact on man and the marine
ecosystem. The results of this research may help
us to control the leakage of these substances into

‘the oceans and may enable us to predict more ef-
fectively the entry of additional equally serious
pollutants before we are surprised by a disaster.

In order to solve marine pollution problems,
which are truly complex, scientists from differing
disciplines should study, simultaneously, the in-
teracting components of the marine ecosystem. To
overcome technical language or other communications
barrjiers, scientists should compare results from
différent scientific groups by means of frequent
study workshops. The primary scientific effort
should be directed toward research on specific
problems of marine pollution that leads us most
directly to the knowledge required for making wise
environmental-control decisions and that captures
the imagination of the best scientists to conduct
an inspired multi-disciplinary research program.
Marine pollution is a global problem, and the ef-
fort to curb it requires the scientific resources
of all countries.

The study participants, working in five task
groups of six to ten members each, considered in
depth the links in a chain from introduction of
pollutants to final disposition of pollution in the
oceans and the effects of pollution on life. The
following questions were asked of task groups 1
through 5 respectively:

1) What gquantity of pollutants is now entering
the oceans, and what are the points and
modes of entry?

2) By what physical and chemical processes are
these pollutants dispersed or transported
from their entry points into the ocean?

!
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INTRODUCTION 3

3)

4)

5)

How are pollutants taken up by marine
organisms?

What are the effects of pollution on marine
life and man?

What is the final disposition or resting
place, if any, of pollutants in the ocean?

Each task group attempted to examine its ques-
tion in detail from a technical standpoint and to
recommend research priorities. Some general recom-—
mendations that emerged during the plenary sessions
included the following:

+

Similar study workshops should be held regu-
larly to review technical progress in the
study of marine pollution and to update our
priorities for research. Young as well as
established scientists should be encouraged
to participate.

Scientists from related disciplines should
be encouraged to learn about and to work on
problems of marine environmental pollution.

The sea surface and its overlying atmosphere
should be given special attention as an
entry point and accumulation zone for some
important pollutants in the oceans.

The chemical and biological processes that
take place in the continental coastal =zones
and estuaries should be thoroughly investi-
gated for those pollutants carried to the
oceans by flowing water.

Biochemical transformation and biological
concentration of specific pollutants should
be investigated in detail so that we may
better predict their active transport
through the marine environment and their
toxic impact on man and the ecosystem. For
example, research should be conducted on

the microbiological conversion of mercury

to methyl mercury and on the biological con-
centration of DDT in the food chain.

We should determine whether there is a final
resting place of pollutants (e.g., on the
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sea floor, so that the oceans are self-
cleaning) or whether the oceans or atmos-
phere and their biota are stable reservoirs
for pollutants.

For each of these recommendations, it is impor-
tant to understand that marine pollution can not be
successfully studied if arbitrary limits are set on
the subject (e.g., salt water only) or geography
(e.g., only far from land). 1In the following re-
port, the 50 scientists who participated in this
study have tried to contribute comprehensive and

constructive suggestions for the control of marine
pollution.
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T ot FLUXES OF MATERIALS
JOHN S

ALAN EggggON TO THE

O o TERSON MARINE ENVIRONMENT

KARL SZEKIELDA
THEODORE METCALF

INTRODUCTTION

The mobilization of matter from the continents
to the marine environment by man is quantitatively
rivaling the movements of materials by weathering
processes. Man's impact alters the levels of con-
stituents already present (e.g., lead or mercury)
or introduces substances alien to the surroundings
{(e.g., DDT or artifically produced radiocactivities
such as cesium-137).

Matter is normally transported to the oceans
by the rivers, winds, or glaciers. Society has
created two additional paths: ships and waste out-
falls.

The most evident changes brought about by man
have occurred in the coastal and estuarine areas.
From studies in such regions, more meaningful in-
vestigations can be mounted on the open ocean zone,
where the influence of man can be less distinct and
perhaps more subtle.

Knowledge of the fluxes of substances is neces-
sary to evaluate effects on the organisms and on
the character of the marine environment. Such
knowledge is often especially difficult to obtain,
and estimates made from tenuous data and assump-
tions must be used.

The site of injection, chemical form, and state
are parameters of importance in ascertaining the
subsequent fates of the substances in guestion.

5



b FLUXES OF MATERIALS

Two other concerns, evident during our deliber-
ations, were that the reliability of assay methods
can be of crucial importance in interpreting or
evaluating the existing data, and that exposure
standards for public health considerations are one
prerequisite to sensible surveillance operations.

PETROLEUM

The annual world production of petroleum is
estimated at 1820 million tons. Of this amount,
1180 million tons/yr passes through the world's
shipping lanes as 60 percent crude oil and 40 per-
cent refined products (SCEP, 1970). The proximity
of processing and storage facilities to the marine
environment, offshore wells, and ship transporta-
tion have resulted in substantial inputs of petro-
leum products into the world ocean.

Natural and man-induced injections of petroleum
into the marine environment have been estimated and
are given in Table 1. Offshore oil-well production
constitutes 17 percent of the total world produc-
tion, with over 8,000 offshore wells in the Gulf of
Mexico alone. This amount is expected to grow to
30 percent of the world production by 1980. World-
wide seepage from these offshore wells is estimated
at near 0.1 million tons/yr. The episodic loss
from the Santa Barbara blowout is estimated at
.003 to .011 million tons. The loss of oil to the
sea from ships because of poor operating procedure
or accidents is about 1.2 million tons/yr. The
Torrey Canyon incident alone released 0.1 million
tons, and larger accidental injections can be ex-
pected as tankers continue to increase in size.

The deliberate dumping at sea constitutes one of
the larger sources of direct release, estimated at
0.5 million tons/yr. As port facilities and tank-
ers become better equipped with oil-skimming equip-
ment we can expect to make the effect of dumping
minimal. ©Natural oil seepage from geologic forma-
tions has been estimated to be less than 0.1 mil-
lion tons/yr. A total budget covering the four

P T I S T Y - S T o
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FLUXES OF MATERIALS 7

modes of direct injection into the ocean can be es-
timated at 1.9 million tons/yr.

TABLE 1 The Involvement of Petroleum with the
Marine Environment

million tons/yr

World oil production (1969) 1820.
0il transport by tanker (1969) 1180.

Injections into marine environment
through man's activities

Offshore o0il production
(seepage from wells)

Tanker operations

Other ship operation

Accidental spills

Deliberate dumping

Refinery operations

Industrial & automotive wastes

SO,

[=RoloNoReNo] (= ]
(S 8}

Torry Canyon discharge 0.117
Santa Barbara blowout 0.003-0.011

Atmospheric input from continents 90.
through vaporization of petroleum
products

Natural seepage into marine < 0.1
environment

qpata from SCEP (1970).

Land-based operations release petroleum prod-
ucts to the oceans through river discharge or
through the atmosphere. Refinery operations re-
leases have been estimated at approximately 0.35
million tons/yr. Industrial and automotive wastes
are near 0.45 million tons/yr. Vaporization of a
wide range of petroleum products such as gasoline
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and other volatiles yields a variety of degraded
petroleum products approaching 90 million tons/yr.
A total yearly budget for direct and indirect con-
tributions of petroleum products to the marine
environment shows a flux that may reach 100 million
tons/yr, over 95 percent of which is air-borne.

NITROGEN AND PHOSPHORUS

The photosynthesis of plankton populations in
the ocean is commonly limited by a lack of nitrogen
and phosphorus. Growing plants frequently exhaust
these elements from water almost simultaneously.
When these elements are present in excess, secondary
pollution effects result in the formation of dense
growths of phytoplankton. These plants, if not uti-
lized by grazing organisms, may cause oxygen deple-
tion and esthetic degradation of localized areas.
Chemical species containing nitrogen and phosphorus
are added to the ocean in river discharges and from
the atmosphere as a result of natural weathering
processes. Their rate of input is increased by
domestic sewage and agricultural runoff.

Bowen (1966), Emery et al. (1955), Tsunogai
and Ikeuchi (1968), and Holland (unpublished data)
have estimated the quantities of phosphorus and
nitrogen contributed to the ocean in river dis-
charges. These estimates differ by almost an order
of magnitude (Table 2). The contribution of com-
bined nitrogen to the ocean from the atmosphere has
been estimated at 59 million tons/yr (Emery et al.,
1955), 10 million tons/yr (Holland, unpublished
data), and 210 million tons/yr (Tsunogai and
Ikeuchi, 1968). Tsunogai and Ikeuchi estimate this
input to be equal to the transfer of nitrogen gas
back to the atmosphere. The input of phosphorus
from the atmosphere has been estimated to be zero
(Emery et al., 1955), although this bears further
investigation.

Because of the wide range of input values re-
ported in the literature, it is difficult to assess
realistically the influence that man exerts on
total input to the oceans. However, the time

v
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FLUXES OF MATERIALS 9

TABLE 2 Nutrients Added to the Oceans in River
Discharge and Through the Atmosphere
(million tons/yr)

N P
Estimated by River Air River Air
Emery et al. (1955) 19 59 2. 0
Bowen (1966) 78.5 - 0.18 -
Holland (unpublished 10 10 0.8 -
data) .
Tsunogai and Ikeuchi 7 210 - ~—
(1968)
Total ocean reservea 920,000 80,000

aFrom Holland (unpublished data).

required to double the entire ocean's reserve of
all inputs is probably at least 10,000 years. We
can estimate the amounts of nitrogen and phosphorus
contributed by domestic sewage as follows. In the
United States, 60 percent of the population lives
in the coastal zone, and it can be assumed that

50 percent of this population is serviced by sewers
that discharge directly into the rivers, estuaries,
or coastal zones. On the basis of the composition
of Los Angeles' sewage (NAS-NAE, 1970), and the
above assumptions, the US population contributes
0.1 million tons of phosphorus and 0.5 million tons
of nitrogen per year.

The maximum acceptable concentrations of these
elements in a confined body of water are extremely
difficult to estimate, because they depend on
flushing and dilution rates and the type of organ-
isms that results from the enrichment of the water.
If these organisms are utilized by higher trophic
levels of the food chain, increased yields of com-
mercial fish or shellfish result. This is termed
enrichment. If, on the other hand, noxious species
accumulate, decompose, and are not utilized by
higher trophic organisms, the secondary pollution
effects may become serious.

In many of the estuaries in developed nations,
the concentration of nutrient elements in the water
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is excessive. It can be estimated, for example,
that the amounts added to the Hudson estuary are
five to ten times greater than the capacity of the
estuary to assimilate and recycle them (Ketchum,
1969). In metropolitan New York, much of the sew-
age is discharged without treatment, and it appears
certain that secondary treatment alone would not
adequately solve the problems of nutrient addition.
In the long run, sewage treatment that reclaims
these elements essential for plant growth and makes
it possible to recycle them on land for agricul-
tural purposes is desirable.

PULP-MILL EFFLUENTS

Pulp~-mill effluents directly introduced into
coastal waters are significant sources of pollution
in areas such as Puget Sound, the Strait of Georgia,
the Pacific coast of Washington, and the Atlantic
coasts of Georgia, South Carolina, Maine, Canadian
Maritime Provinces, Sweden, and the USSR.

The effluent solids in suspension increase the
turbidity of the receiving waters, limiting light
penetration and productivity. The wood chips and
fibers settle out over the bottom and may smother
benthic life. The bacterial degradation of organic
materials uses up oxygen in the bottom sediments
and may release gases such as methane and ethylane.
The liquid components also put a significant oxygen
demand on the receiving waters. Both organic and
inorganic toxic components of the liguid wastes are
relatively well known, with the constituents vary-
ing with wood species, dryness of wood, finish, and
with variations in processing. The amounts and
nature of the toxic effluents vary considerably de-
pending on whether the mill uses sulfate or sulfite
liquor, on the cation involved, and on the age of
the mill. In general, spent sulfite liquor leads
to more oxygen depression in the receiving waters,
whereas the sulfate wastes are relatively more
toxic.

The total amounts of sulfur and wood used in
pulp mills are not a meaningful indicator of
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FLUXES OF MATERIALS 11

quantities of pulp-mill effluents. Direct esti-
mates of the volumes of wastes discharged could not
be ascertained. The trend of the industry has been
toward smaller water volumes and toward more re-
cycling and recovery. The US consumption of sulfur
in the pulp and paper industry in 1968 is given in
US Bureau of Mines Bulletin 650 (US Department of
Interior, 1970a) as 0.54~1.1 million tons, about
one fourth of the world consumption. The estimated
worldwide uses of sulfur, 2-4 million tons/vyr,
represent an upper limit for discharges to the
marine environment. When this estimate is compared
with the 3.4 million tons of sulfur released from
fossil fuels (Bertine and Goldberg, 1971) and with
the 140 million tons of sulfur mobilized as the re-
sult of natural weathering, the effluents from the
pulp mills are expected to be significant only
locally. 1In estuaries these discharges may have
serious impact on coastal fisheries that are de-
pendent on estuaries as nurseries for early life
stages and sources of food organisms.

The environmental problems associated with pulp
mills have been known for decades. Industrial
technology is available to affect large reductions
in the effluents; it remains for the mills to be
persuaded or required to invest in appropriate con-
trol facilities.

HEAVY M ETALS

Many toxic or potentially toxic heavy metals
are being released to the ocean environment at in-
creasing rates. The present scale of man-into-
duced heavy metals can be put into perspective by
comparing man's input to the ocean with the natural
input.

Table 3 lists the annual world heavy metal pro-
duction and estimates of man's inputs. The esti-
mate of heavy metal input from atmospheric washout
(Table 3, column 4) is described in the example
given below for mercury. Both mercury and lead are
identifiable heavy metal pollutants in the ocean
and are discussed in some detail below.
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TABLE 3 World Heavy Metal Production and Potential
Ocean Inputs

Transport
Mining a by rivers Atmospheric
Production to oceans Washout®
(million (million {(million
Substance tons /yr) tons /vr) tons/yr)
Pb 3 0.1 0.3
Cu 6 0.25 0.2
v 0.02 0.03 0.02
Ni 0.5 0.01 0.03
Cr 2 0.04 0.02
Sn 0.2 0.002 0.03
cd 0.01 0.0005 0.01
As 0.06 0.07 a
Hg 0.009 0.003 0.08
in 5 0.7
Se 0.002 0.007
Ag 0.01 0.01
Mo 0.03
Sb 0.07 0.01

ays Department of Interior, (1970 a and b).
Ppertine and Goldberg, (1971).

CEstimated from aerosol data of Egorov et al.,
(1870) and Hoffman, (1971).

dGoldberg, unpublished data.

MERCURY

The increase in recent years of the mercury
contents in snows deposited on the Greenland Gla-
cier is one indication that substantial gquantities
of mercury are being mobilized over large expanses
of the earth by the activities of man (Weiss et
al., 1971). This mercury was presumably removed
from the atmosphere in precipitation at levels
ranging from 30 to 75 nanograms/kilogram of water
(average 60) during the period 800 BC to 1952 and
from 87 to 230 nanograms/kilogram of water (aver-
age 152) between 1952 and 1965. If this increase

~ e
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is man-caused, how did he bring it about? An exam-
ination of environmental mercury fluxes (Table 4)

TABLE 4 Environmental Mercury Fluxes®

tons/yr
NATURAL FLOWS
Continents to atmosphere (by
degassing of the earth's crust)
based on precipitation 8.4 x'lO4
with rain 4
based on atmospheric content 15. x 104
based on content in Greenland 2.5 x 10
Glacier
River transport to oceans < 3.8 x 103
FLOWS INVOLVING MAN
World production (1968) 8.8 x 10°
Entry to atmosphere from fossil 1.6 x 10
fuel combustion
Entry to atmosphere during cement 1. x 102
manufacture
Losses in industrial and 4. x 103

agricultural usage

Weiss et al. (1971).

suggests that the mercury burden of the atmosphere
results from the degassing of the earth's crust and
that, if there is an impact by man, it must be
through an enhancement of this degassing process.
A survey of industrial activities has not re-
vealed any mercury releases to the atmosphere that
rival that of the natural degassing rate (Table 4).
Landscape alterations that result in disturbances
to surface solids, agriculture, mining, and con-
struction can allow more mercury vapor and more
gaseous mercury compounds to ‘enter the atmosphere.
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The flow of mercury from the continents to the
atmosphere is calculated to be about 2.5 to 15 x
104 tons/yr (Table 4). The mercury content in un-
polluted airs ranges from 1 to 10 nanograms/m3 with
a conservative average around 1 nanograms/m3, which
yields a total atmospheric burden of 4 x 103 tons.
Rain effectively washes the mercury out of the air.
Taking an average time between rains of 10 days,
the annual flux of mercury is 15 x 104 tons. A com-
plementary calculation in rain water averages 0.2
parts per billion. An annual world precipitation
of 4.2 x 1017 1liters gives a flux of 8.4 x 104
tons/yr. Using the pre~1952 glacier waters as
re%resentative of typical fallout, a flux of 2.5 x
10* tons/yr is calculated.

The principle transfer of mercury from the con-
tinents to the oceans most probably takes place
through the atmosphere. The mercury carried by the
rivers to the oceans appears at least to be one
order of magnitude less than the amount volatilized
from the earth to the atmosphere (Table 4).

LEAD

Lead, like mercury, is being introduced to the
marine environment through man's activities in
amounts that begin to rival those brought in by the
rivers (Table 5). The primary source of lead from

TABLE 5 Annual Lead Budget®

million tons/vr

World lead production (1966) 3.5
Northern hemisphere production 3.1
Lead burned as alkyls 0.31
River input of soluble lead to 0.24

marine environment

River input of particulate lead 0.50
to marine environment

éMurozumi et al. (1969).
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society is its emission from internal combustion
engines where it is used as an antiknock additive
in the fuel. Fourteen percent of the lead consumed
in the United States is released in this way.

Measurable amounts of lead have been dispersed
by man to his surroundings for at least several
millenia. The concentrations of lead that precipi-
tate from the atmosphere are recorded in the annual
layers of permanent snowfields. Murozumi et al.
(1969) found lead increasing in a north Greenland
glacier 25~fold from 800BC to 1750 as a result of
smelting operations. By 1940 the lead levels were
175 times greater than the prehistoric values. In
1966 they were 500 times greater. Up to 1940, the
increases are attributed to smelting, and subse-
quently to the combustion of lead tetraethyl. The
lead emitted from internal combustion engines, in
the micron and submicron ranges, is removed pri-
marily by precipitation from the atmosphere after
a residence time of several weeks (Patterson,

1965; Patterson, 1971).

Surface ocean concentrations of lead have
dramatically increased as a consequence of the
"rainout" of man introduced lead from the atmos-
phere. Contents in surface waters of the northern
hemisphere today are about 0.07 micrograms of Pb/
kg of sea water compared with estimated prehistoric
values of 0.01 to 0.02 micrograms/kg (Chow and
Patterson, 1966).

Probably most of the lead burned in internal
combustion engines eventually enters the marine en-
vironment. The lead that rains down on the conti-
nents can be transferred to the ocean by the
rivers. The effect of this increased lead on sur-
face marine organisms is, at present, unknown. If
the use of lead in gasoline is curtailed, the con-
centration in surface waters will probably revert
to much lower values within a decade, because the
residence time of this element in surface waters
seems to be of the order of several years.
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SYNTHETIC ORGANIC CHEMICALS

Because the number of synthetic organic chemi-
cals is large, emphasis will be given to those
groups of compounds that have the following charac-
teristics: relatively large production; persist-
ence, or a tendency to accumulate in the environ-
ment; or toxic or harmful effects on organisms.

The following chemicals are not meant to be an ex-
haustive compilation of harmful materials but are
illustrative and useful as guidelines for further
investigation and research: chlorinated hydrocar-
bons for agricultural and public health use; chlo-
rinated hydrocarbons for industrial use; and vola-
tile, low-boiling organic liguids and gases. A
summary of data concerning them is given in Table 6.

Table 6 Estimated Production and Environmental
Leakages of Some Synthetic Organic
Chemicals

Estimated Leakage
Global Production to Environment

Annual Total Annual Total
Million Million Million Million
Chemical Tons Tons Tons Tons
DDT 0.1 2 0.25 1
Aldrin- 0.1 1 0.25 0.5
toxaphene
BHC 0.1 0.5 0.05 0.25
PCB 0.1 1 0.025 0.25
1, 2 dichlo-~ 5 0.5
roethane
Freons 0.4-0.6 0.4-0.6
Dry cleaning 2 1-2
solvents
Total synthe- 20-30 2-3
tic light
organic

-

Total synthe- 100
tic organic
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CHLORINATED HYDROCARBONS FOR AGRICULTURAL AND
PUBLIC HEALTH USE

These chlorinated hydrocarbons include DDT, the
aldrin-toxaphene group, and BHC (benzyl hexachlo-
ride) and their residues or degradation products.

+ DDT: The global production of DDT is esti-
mated at 0.1 million tons/yr (NAS, 1971a).
At least 25 percent or 0.025 million tons/yr
reaches the sea, apparently almost entirely

via the atmosphere (NAS, 197la; Lloyd~-Jones,
1971).

+ Aldrin-toxaphene group: The global produc-
tion rate of the aldrin-toxaphene group is
also estimated at 0.1 million tons/yr (NAS,
1971a). 1Its properties are similar to those
of DDT. It is estimated that at least 25
percent or 0.025 million tons/yr of these
chlorinated hydrocarbons work their way to
the sea, primarily via the atmosphere.

+ BHC: The global production rate of BHC is
estimated at 0.1 million tons/yr on the
basis of the Japanese production rate of
0.04 million tons/yr (Kanazawa et al.,
1971). It is estimated that, with a higher
vapor pressure than DDT or aldrin-toxaphene,
well over 50 percent of the BHC produced
will reach the ocean via the atmosphere.

In the atmosphere DDT, aldrin-toxaphene, and
BHC are either present as gases or absorbed on
particulate matter. They are removed from the at-
mosphere by rain, dry fallout, and possibly direct
uptake on sea surface films. Measurements for
these substances should be made in the atmosphere
(in the gaseous phase and on particulates), in sea
surface films, in sediments, and in primary pro-
ducers and primary consumers. Monitoring should
take place primarily in coastal and estuarine
regions. In addition, there should be a monitor-
ing program in remote areas of the world, because
these pollutants are distributed globally.

The impact of the compounds in this group on
the ecosystem on land has been better investigated
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than that of the other two groups, but little is
known concerning their behavior in the marine en-
vironment. Their distribution may be significantly
modified by the existence of surface films of oil
and other materials such as natural slicks (Seba
and Corcoran, 1969).

CHLORINATED HYDROCARBONS FOR INDUSTRIAL USE

The chlorinated hydrocarbons used in industries
consist of chlorinated hydrocarbons exemplified by
the polychlorinated biphenyls (PCB), which are used
as an insulator in capacitors, as transformer oil,
as heat exchangers, as plasticizers, and in a vari-
ety of other ways. Global production figures for
PCB are very difficult to obtain, primarily because
the manufacturers do not make their production data
available publicly. Based upon Japanese production
figures of 0.0165 million tons/yr, the global pro-
duction of PCB is estimated at 0.05-0.1 million
tons/yr, with the total production of PCB estimated
at approximately 1 million tons (Isono, unpublished
data). It is estimated that approximately 25 per-
cent of the PCB produced leaks to the environment,
20 percent to the atmosphere for subsequent long
range transport in the global wind system, and about
5 percent directly into sewers and rivers. The re-
sulting annual rate of transport to the oceans is
approximately 0.025 million tons/yr. Concern about
PCB is relatively recent, and considerable study
must be made of the fate and distribution of this
substance in nature.

For an understanding of the impact of PCB on
human health, more thorough investigations of ac-
cidental exposure, such as the Kanemi Rice 0il
Case in Japan in 1968 where more than 5 deaths oc-
curred (Ui, unpublished data), are urgently needed.
PCB use is so variable (it is believed that there
are more than 100 different uses) that it is dif-
ficult to point out specific areas of discharge.
PCB concentrations of 100 parts per billion in
samples from the open ocean biomass (Harvey et al.,
1971) and 100 parts per million in samples from the
fresh water and coastal biomass in Japan (Isono,
unpublished data) suggest that PCB pollution is a
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global as well as local problem. Many of the sub-
stances that have been used as substitutes for PCB
(e.g., diphenyl, triphenyl, diphenyl ether, and
alkylnapthaleins) are also highly toxic.

VOLATILE, LOW-BOILING ORGANIC LIQUIDS AND GASES

Volatile, low-boiling organic ligquids and gases
have easy access into the atmosphere and can subse-
gquently be transported great distances. Three ex-
amples of this type of chemical are 1, 2 dichloro-
ethane, freon, (e.g., trichlorofluoromethane and
dichloro-difluoro methane), and dry cleaning
solvents.

+ 1, 2 dichloroethane is a volatile liquid
used largely in the production of vinyl
chloride, as an additive to gasoline, a
cleaning solvent, and industrial additive.
The production in the United States in 1968
was 2.2 million tons (US Tariff Commission,
1970) and the global production rate 1is
estimated at 5 million tons/yr.

+ Freons are used in propellants, aerosol
cans, and in the production of plastics as
refrigerants. The production of trichloro-
fluoromethane and dichloro~difluoro methane
in the United States in 1968 was 0.3 million
tons (US Tariff Commission, 1970) and the
global production rate is estimated at
0.4-0.6 million tons/yr. Nearly all of this
goes into the atmosphere from the primary
use as a propellant, for long range trans-
port by the wind system. Lovelock (1971)
has detected trichlorofluoromethane in the
atmosphere over southwestern Ireland. He
found values ranging from 1 x 10-11 volume
per volume of air in winds from 45°-135° to
20 x 10-11 in winds from 225°-315°. Using
the lower value of 1 x 10-11l volume per
volume and an atmospheric mass of 5.14 x
1015 tons (SCEP, 1970) results in a total
atmospheric burden of 0.24 million tons.
The annual global production of CIZFZC is
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approximately half the total freon produc-
tion, or ~0.25 million tons/yr indicating
an atmospheric residence time of approxi-
mately one year.

+ Dry-cleaning solvents: The United States
produces approximately 1 million tons/yr of
these chemicals (Isono, unpublished data);
global production is estimated at 2 million
tons/yr. It is estimated that 50-80 percent
or 1-1.6 million tons/yr evaporates into the
atmosphere (Goldberg, unpublished data),
with lesser amounts discharged into sewers.
Primary source areas are in population
centers.

Other synthetic, low-boiling (< 100°C) organic
compounds, such as vinyl chloride, carbon tetra-
chloride, aldehydes, ketones, and alcohols, are al-
so released into the environment. Global produc-
tion of these light synthetic organisms is esti-
mated at 20-30 million tons/yr. The total world-
wide production of synthetic organics is estimated
at 100 million tons/yr (Goldberg, unpublished data)
and includes, for example, polymers and detergents
(FAO, 1971).

All the pollutants in this category will be
found in the atmosphere either in the gas phase or
on particle surfaces. Removal to the sea will be
by precipitation, dry fallout, and direct gas phase
dissolution. Many of these substances will be
guite persistent in the environment and may be
serious problems in some coastal and estuarine eco-
systems. A program to sample for these substances
in the atmosphere, in surface and subsurface water,
and in the marine biota should be undertaken. Only
some of the many examples of low boiling synthetic
organics have been given here.

A detailed inventory should be made of produc-
tion rates and environmental leakage factors for
all synthetic organic chemicals. In addition, de-
tailed research is needed on the effects of these
various substances on different parts of coastal
ecosystems. The systematic analysis of easily
detectable compounds such as freon might give a
picture of the distribution between various phases

.
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and trophic stages. Intensive and comprehensive
case studies of areas heavily polluted by known
pollutants will give us important information on
the mode of impact to human health and the marine
environment.

L

MICROBIOLOGICAL POLLUTTION
OF COASTAL WATERS

Public health authorities recognize the dangers
associlated with the occurrence of bacterial and
viral pathogens in raw sewage. Pathogens for which
an oral-anal cyclic transmission route can be de-
scribed are of special interest. Members of en-
teric bacteria and virus groups (organisms that
occur in human or other animal intestinal tracts)
are of primary importance in human infections
caused by infectious agents transmitted through a
human waste product route. Table 7 provides a
listing of those enteric bacteria and viruses that
most need to be considered.

Estuary waters receiving primary treated sewage
effluents have been shown to contain bacterial
pathogens (Brezenski, 1970; Geldreich and Donsel,
1970; Slanetz, Bartley, and Metcalf, 1964). En-
teric viruses of human origin have been isolated
not only from estuary waters but also from shell-
fish inhabiting these waters (Metcalf and Stiles,
1968). Counting enteroviruses and adenoviruses of
human origin, reoviruses, and presently unclassi-
fied hepatitis virus, there are about 100 enteric
viruses of public health concern in considerations
of water quality. The injection of human patho-
gens into estuary waters can be expected until
waste treatment practices are adopted that elimi-
nate these pathogens. Seasonal fluxes occur in
north temperate zones in which pathogen injection
rises to a peak in late summer and early autumn
months.

The number of enteric viruses in domestic raw
sewage has been estimated at 500-700 units/100 ml.
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About 1 unit/100 ml is estimated for polluted sur-
face water (Clarke, et al., 1964). The minimal
oral infective dose for man has been estimated at
one virus, provided contact with susceptible cells
is established (Plotkin and Katz, 1967).

TABLE 7 Pollutants, Actual or Potential, of
Microbiological Nature, Occurring in
Coastal Waters As a Consequence of
Contributions of Human or Animal Waste

Products
Enteric Viruses Enteric Bacteria
Human or Animal
Human Origin  Animal Origin Origin
Polioviruses Simian Salmonellae
Coxsackie- Porcine Shigellae
viruses A
Coxsackie- Bovine Vibrio parahemo-
viruses B lyticus
Echoviruses Foot and Mouth }
Reoviruses Vesicular Exanthema 1
of Swine {
Adenoviruses %
Hepatitis 1
viruses 1
b
!

Methods for direct isolation of virus are ex-
pensive and time-consuming. Consequently indirect
procedures indicating the possible presence of !
virus are used commonly in sanitary examinations of
water at the present time. The fecal coliform in- 1
dex is one of these (Hosty et al., 1970). Its
acceptability as a measure of virus is subject to ]
some guestion. One objectlon concerns a possible
longer survival time for virus in water, leading
to the continued presence of virus in the absence
of Escherichia coli. Prolonged virus survival
allows its dissemination from the original point of
pollution. Isolation of virus several miles from
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the nearest sewage outfall illustrates this point.
Another objection to E. coli indices concerns a
possible multiplication of E. coli in water that
could lead to faulty interpretation of test re-
sults. Animal sources of E. coli, other than man,
could also offer problems in the interpretation of
test results.

Demonstration of bacterial pathogens in estuary
waters and shellfish has some of the technical
problems associated with viruses. Consequently,
the E. coli index frequently is used in sanitary
tests to indicate the possible presence of patho-
gens such as members of the Salmonella group.

The seriousness of viral hepatitis as a world
problem has been documented by Mosley and Kindrick
(1969). Transmission of infectious hepatitis as a
consequence of sewage-polluted estuaries has occur-
red through consumption of virus-containing shell-
fish, either raw or improperly cooked. ©No direct
evidence of a significant health problem arising
from recreational use of sewage-contaminated sea-
water is available (British Medical Journal, 1968).
Nine outbreaks of infectious hepatitis have been
attributed to shellfish (Liv, 1970), while 50 epi-
sodes involved a direct water-borne transmission
route (Mosely, 1967). Sewage polluted water leads
to the closing of oyster beds to commercial har-
vesting, denying public use of a natural resource
and causing economic repercussions in the shellfish
industry. One editorial charges that one fifth of
the US 10,000,000 acres of near-shore shellfish
grounds have been closed because of pollution
(Hacker, 1971).

There is an urgency to define the problems of
the virus pollution of coastal waters. Reliable
assay methods for measuring small numbers of virus
in large volumes of water are needed. Expanded
studies on virus isolation procedures are needed.
Quantitative enumeration of virus is needed to
answer questions such as the number of viruses
occurring in sewage, water, or shellfish, or the
effect of waste water treatment practices upon
virus populations. A gquantitative enumerative
capability is needed before standard methods can
be considered.



24 FLUXES OF MATERIALS

Preliminary findings suggest that virus in a
marine environment survive for as long as a few
days to about two weeks, with longer intervals pos-
sible in cold weather. However, at this time, there
is no agreement about the causes of virus inactiva-
tion in marine waters.

Epidemiologic studies are needed to determine
the incidence, duration, and number of virus types
found in water. What human pathogens are found in
what numbers, and how often? Are viruses from
large or small animals occurring in water? 1Is there
a chance for unnatural infections in man or animals
caused by some of these viruses, which lead to on-
colytic effects? What is the incidence of tumor
causing viruses found in some species of fish, and
how broad is the host specificity?

Comparative virology studies are needed in which
the occurrence of or potential for virus carriage
in marine hosts is determined.

RADIOACTIVITY

During the last three decades the principal
source of artificial radionuclides in the marine
environment has been nuclear weapon-testing (Table
8). The present content of the world oceans from
this source, including tritium, is estimated as
109 curies (FAO, 1971). This. type of contami-
nation is widespread due to the diffuse nature of
the source following dispersion in the atmosphere
prior to entry to the ocean, and therefore, rela-
tively speaking, is low and uniform in concentra-
tion. The bulk of the activity is still associ-
ated with surface waters and lieg¢ largely within
the northern hemisphere. Assuming that the pres-
ent rate of nuclear weapon testing continues,
this distribution will become more uniform with
time. This figure compares with 5 x 101l curies
of naturally occurring 40p in the oceans. However,
this simple comparison of curie guantities should
not be construed as one of relative biological
significance, because different radionuclides have
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widely different toxicities, and their significance
in a given situation will depend not only on this
but also on the uses of the environment that will
lead to human radiation exposure.

TABLE 8 Total Content of Artificial Radionuclides
in the World Ocean

Year 1970 Year 2000

Nuclear explosions

Fission products 2-6 x 108Ci ? X 108Cia
(exclusive of
Tritium)
Tritium 10%ci 2 x 10%ci?
Reactors and Reprocessing
of Fuel
Fission and activation 3 x 105Ci 3 x 107Ci
products (exclusive
of Tritium)
Pritium 3 x 10°ci 2 x 10°ci
Total 109Ci 1090i

qassumed that atmospheric nuclear testing will con-
tinue at about the rate of 1968-1970.

Nuclear power programs that involve power re-
actors, fuel fabrication, and reprocessing provide
the second important source of artificial radio-
activity. These installations, which utilize
radioactive species, may be described as a series
of point-sources, where rates of introduction vary
from a few curies per year to 10° curies per year.
The point-sources of principal significance to the
marine environment will be liquid wastes flowing
directly to coastal and estuarine waters via pipe-
lines. Indirect introduction of liquid wastes via
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rivers or introduction of solid radicactive materi-
al to the deep ocean in dumping operations will be
smaller in scale and have less environmental
significance.

Releases of radioactive gaseous species, other
than those containing tritium, will be of little
significance in a marine context because the magni-
tude of such releases will be small in relation to
the direct growth discharge of radiocactivity to the
marine environment. Uncontrolled or accidental re-
leases, other than nuclear explosions, are likely
to be infrequent and of small magnitude in relation
to the capacity of the world ocean and will proba-
bly cause local problems only.

Two problems will increase in scale over the
next few decades. One is the introduction of
tritium to the marine environment from reactor
operation and fuel reprocessing. It is estimated
that this will result in an oceanic inventory of
the order of 108 curies by the end of the century.
However tritium is of very low radiotoxicity, will
not concentrate to any extent in biological ma-
terials, and does not present a significant problem
in the contest of marine disposal. The second
problem relates to the production of long-lived
plutonium wastes and the need to insure their con-
tainment over periods of time of the order of 105
years. Such wastes will be produced in many
countries throughout the world, hot all of which
will have the resources necessary to provide the
required containment. The best means of dealing
with this problem must be determined. These
wastes might be deposited in the deep sea in ceram-
ics of low leachability, and, where appropriate,
international storage or containment facilities
might be provided.

SUMMARY AND GENERAL
CONCLUSTIONS

Materials are carried to the oceans as a re-
sult of human activities at rates comparable to
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those at which substances are introduced by weath-
ering processes. The most important impacts occur
within the coastal and estuarine areas. Studies
of pollutants there will provide a basis for sub-
sequent investigation in open ocean areas.

Although pollutants that pose threats not only
to man but also to ecosystems and resources in the
marine environment have been identified, a system-
atic study of leakages of man's wastes to his sur-
roundings must still be made. Our knowledge seemed
particularly inadequate in areas such as losses in
mining operations and cement manufacture, and in
hospital and feedlot discharges. An area of real
concern that could not be effectively explored with
available information was the dispersion of non-
degradable solids to the marine environment. For
example, of the 20 million tons of plastics made
annually, a substantial amount may be introduced to
the marine environment that have impact upon the
health of marine communities or that destroy the
natural beauty of the landscape.

The two groups of chemicals that appear to
offer the greatest dangers through promiscuous re-
lease to the environment are the heavy metals and
halogenated hydrocarbons. Although some baseline
studies are being carried out on representatives
from these groups, more extensive biological and
water assays are needed. In addition, we feel that
many other synthetic organic chemicals, as yet un-
looked for, may be present in quantities that pose
Ahreats to the biosphere.

Finally, the problem of virus pollution of
coastal waters appears to be grossly understudied.
Problems such as the isolation, identification, and
assay of viruses have not been attacked in even
preliminary fashion.

SPECIFIC RECOMMENDATTIONS

Highest priority is proposed for research in-
volving the dispersion of the polychlorinated bi-
phenyls to the environment. With the observations
made by a number of laboratories that the PCB
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levels now exceed those of DDT residues and with
the recent mortalities and illness associated with
the ingestion of PCBs by man, the public-health
concern of these chemicals becomes evident.

The properties of petroleum films at the ocean-
atmosphere interface in the uptake of atmosphere-
borne pollutants and in their transfer to members
of the marine biosphere should be developed in
detail.

More analyses of metals such as cadmium, zinc,
lead, mercury, and arsenic in food products of the
marine environment are needed, both to alert us to
any potential public-health problems and to iden-
tify the sources of leakages of such materials.
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INTRODUCTTION

Our task group focused on chemical, biochem-
ical, and physical processes occurring in the zones
through which pollutants enter the oceans. These
processes are extremely important because they
actually determine whether a pollutant reaches the
ocean. They are complex, however, and require in-
tensive study. In order to predict the behavior of
a chemical pollutant, the relative importance of
the dynamics of mass transport of water, the trans-
formations of chemical form by bioclogical processes,
the transport of a pollutant contained in nektonic
marine organisms, and the movement of sediment par-
ticles carrying adsorbed pollutants must be as-
sessed. Each of these factors is considered in
this report.

We believe that marine pollution is best con-~
trolled at its source. Pollutants with a few dis-
crete sources may be controlled by closing valves,
eliminating the problem from the study of ocean-
ography. Many pollutants, however, come from many
dispersed sources or from little known sources.

- For these we must predict whether they enter the

oceans or are retained on land, in freshwater, or
in the air. Acquiring this predictive capability
seems to be of paramount importance, and learning
how such pollutants subsequently move within the
deep oceans seems, at present, to be of secondary
concern.

29
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In studies of the chemistry of the oceans,
oceanographers have usually overlooked two areas
through which pollutants enter the oceans: the
coastal zone and the sea-air interface. Transition
from fresh to salt water and from the land's edge
across the continental shelf to the ocean basin
occurs in the first zone. Here, water-borne con-
taminants may be carried by currents to the open
sea, or they may be retained by sediments or ma-
terials of the biosphere, depending on their chemi-
cal and biochemical properties. In the second
area, airborne contaminants may enter the sea and
water droplets and dissolved vapors may be cycled
back to the atmosphere. 1In order to evaluate the
dispersal and transport processes that regulate the
input of pollutants to the oceans, study of what
occurs in these areas is of highest priority.

The weakness in our knowledge of chemical
changes limited our understanding of coastal zone
and sea-air transport processes. Dynamic theory
cannot predict the transport of a non-conservative
water contaminant (e.g., one that precipitates to
the sediment), and we do not yet know whether most
pollutants of interest in the two input zones tend
to be absorbed on sediment particles, taken up by
organisms, extracted by surface films, or modified
otherwise by chemical or biochemical reactions.

We cannot predict pollution transport by free-
swimming fauna unless we know whether the fauna
tend to concentrate pollutants.

The task group recommends that the study of
significant pollution transfer processes in the
coastal zone and at the sea-air interface include
chemical measurements and theoretical principles
of chemistry as a central feature. The chemical
research necessary for this study must have full
coordination with physical, biclogical, and geo-
logical oceanography.

TRANSPORT PROCESSES OF
POLLUTANTS

Transport of pollutants in the marine environ-
ment is effected by mass movements of water,
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atmosphere, and sediments, and by migration of
organisms. Evaluation of the transport processes,
therefore, requires knowledge of the mass movements
of the media and the organisms and knowledge of the
pollutant concentration within each. The transport
of conservative substances is at least conceptually
straightforward. However, many pollutants are
highly reactive in the marine environment and need
to be better understood.

In order to describe the concentration of pol-
lutants (e.g., organic compounds, suspended parti-
cles) or water gquality parameters (e.g., dissolved
oxygen, clarity) at any given point or time, we
must account for the transport of materials within
a specified physical segment of the marine system,
the transformation of materials within the system,
and the transfer of materials into and out of the
system along the boundaries. Transport within the
system can be thought of as passive (e.g., materi-
als carried by the water and, possibly, acted on by
gravity) or active (e.g., fish migrations against
the current or, on a more local scale, schooling of
organisms) .

WATER MOVEMENTS

Transport of pollutants by mass movements of
water must be considered in determining marine en-
vironmental quality parameters. The ability to
model flows appropriately is required for testing
chemical and biological reactions within the water.

Pollutants originating from man's activities on
land tend to pass through the coastal zone to the
major ocean basins, with a progressive decrease in
concentration and an increase of time and space
scales for important changes. It is convenient to
consider the transport of pollutants by tracing
their movement through these paths.

ESTUARIES
Physical processes of advection and diffusion

have been studied with increasing vigor for nearly
60 years. Considerable progress has been made in
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classifying and understanding the mechanisms acting
in estuaries and in modeling some physical behavior
(Ward and Espey, 1971). In particular, the state
of the art of modeling well-mixed estuaries is well
advanced for some purposes. A major problem in
utilizing these barotropic models is the determi-
nation of horizontal dispersion coefficients, which
are usually empirically inferred from the distri-
bution of some easily observed variable such as
salt or dye. These coefficients are a composite
effect of several identifiable physical processes
and, therefore, are not necessarily wvalid for appli-
cation to concentration distributions different
than that from which the coefficient is inferred.
Furthermore, the coefficients have limited utility
in predicting response of the physical processes to
major environmental modification.

The state of the art of modeling stratified
estuaries is still poorly developed, although the
major physical processes are qualitatively under-
stood. The greatest difficulties are associated
with a priori specification of turbulence and its
effects in fjords and other estuaries having verti-
cally restricted exchange with external waters.

Large time variations in fresh-water inflow and
in other external factors, such as wind stress, »
significantly modify the flow patterns of many estu-
aries. Such estuaries seldom, if ever, approach
steady-state conditions. Consequently, adequate
predictions of the consequences of man's activi-
ties in such estuaries require the development of
time dependent models for stratified estuaries.
Further physical measurements in estuaries will be
required primarily to test and quantify prediction
models.

WATERS OVER THE CONTINENTAL SHELF

Where purely local influences are concerned,
development of predictive or interpretive models
for coastal circulation over the continental shelf
is a conceptually straightforward extension of
estuary modeling developments, although the shelf
does not have lateral boundaries. Considerable
difficulty may be encountered, however, because of
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the relatively large influence of the deep ocean
circulation and its variation on the movement of
water over the continental shelves and the effect
of local winds that may dominate other factors on
the shelf. At present, detailed studies of the im-
portance of these various processes in representa-
tive coastal regions are greatly needed.

DEEP OCEAN

We must consider the entire spectrum of ocean
currents in research on global transports of pollu-
tants. At very large scales, however, the non-
conservative nature of contaminants becomes more
important. We wish to emphasize only those aspects
of ocean circulation that seem to have particular
relevance to marine environmental quality. To
ascertain the degree to which polluting activities
comprise purely local versus more general problems
man must evaluate the residence time or flushing
characteristics of water in semi-isolated mediter-
ranean seas. Other features that must be consid-
ered include exchanges with the surface mixed layer,
vertical mixing in the water column in general,
regions and rates of upwelling or downwelling, hori-
zontal divergence, and convergence because of its
tendency to concentrate surface contaminants.

THE INFLUENCES OF THE PHYSICAL FORM OF THE
POLLUTANTS ON THEIR TRANSPORT AND DISPERSION

Within any region of the ocean, it is possible
to make an evaluation of transport processes re-
lating to the physical nature of the pollutant:
dissolved, particulate, and in films.

DISSOLVED

Transport of pollutants is most easily des-
cribed for dissolved constituents. However, the
ability to describe the movements and mixing of
water masses is not uniformly good for all geo-
physical regions of the marine environment, as
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described for estuaries and in more extensive re-
views (NAS-NAE, 1970). For example, the available
techniques in calculating the concentration of dis-
solved organic compounds is subject to biochemical
oxidation. The same techniques are basic to (but
not sufficient for) the description of particulate
pollutant transport. Unfortunately, we cannot ex-~
clusively depend on the simplest prediction tech-
nigques, because significant chemical and biological
actions do occur in the marine environment causing
dissolved pollutants to precipitate and react with
particulates or liquid films.

PARTICULATES

‘Atmospheric transport of particulates may be a
major route of entry for a number of important
oceanic pollutants (NAS, 1971lb). In spite of possi-
ble sporadic distribution of pollutants through
this boundary transfer of material, we have little
difficulty accounting for subsequent marine trans-
port, although computational techniques may become
cumbersome. Full evaluation of this problem de-~
pends on a better description of the type and dis-
tribution of major atmospheric pollutants.

" Transport calculations for particulates within
the water system (with the possible exception of
neutrally buoyant particles) are more difficult to
make than those for dissolved substances. At the
very least, calculation of particle transport re-
guires knowledge of the vertical eddy diffusivity
and its variation with depth. Calculations of
scour and periodic resuspension from bottom depos-
its require knowledge of both the boundary input
parameters and the hydrodynamics of flows very near
the bottom of estuaries, continental shelves, and
oceanic basins. This knowledge is generally re-
guired in coastal shelf regions because of the pos-
sible oceanic contributions of particulates as well
as the direct particulate contribution by rivers
and by waste discharges to the area. Furthermore,
the dearth of information on biological, chemical,
and physical transportation of liquids to solids,
and vice versa, and the physical factors influenc-
ing particle size agglomeration make transport cal-
culations for particulates difficult.
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Turbidity currents consisting of flows of
finely divided particles can be described by meth-
ods developed for measuring stratified flow of
fluids of different densities. Because, from a
practical point of view, nothing substantive is
known about the size, location, and occurrence of
these flows, little can be said about their impor-
tance as mechanisms of seaward transport of
pollutants.

IN FILMS

Films form on the sea surface from a variety of
complex interactions in the environment and, also,
from direct (sometimes accidental) discharges of
industrial and municipal outfalls plus oil spills.
In the long term, transport of films will be domi~-
nated by wind. Major ocean surface currents and
wind patterns are relatively well known, at least
near continental margins, and it is probable that,
given a location for continued or catastrophic dis-
charges and other necessary basic data, a fair
picture of eventual transport could be drawn. Con-
siderations of processes that depend on inter-
actions such as volatilization, sediment and parti-
cle interchange, and sinking of o0il globules are of
greater importance. Present knowledge of such
processes 1s inadequate. On the short term (and on
smaller scales), it is not possible, at present, to
predict whether films will break up and disperse
and at what rate sinking and emulsification occurs
due to the physical action of localized wind and
wave patterns. However, under calm conditions,
fairly good conceptual models exist to predict the
thickness and spread of films.

ACTIVE TRANSPORT

Some pollutants are concentrated by marine
organisms; thus, the movement of these organisms
constitutes a transfer mechanism. As a consegquence
pollutants move to regions where their presence or
their concentrations would not be predicted by
passive transport with the water mass. Even
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though the mass of pollutants incorporated in ma-
rine organisms may not be a large portion of the
total mass of pollutants, it is necessary to ac-
count for transport by marine organisms because of
the ecological significance of the result. Bio-
logical models of growth and transport are presuma-
bly needed. These will be discussed by other task
groups.

FACTORS AFFECTING
TRANSPORT

CHEMICAL
CHEMICAL SPECIES AND REACTIONS IN SOLUTION

The state of chemical combination of a pollu-
tant determines its chemical behavior and pathway
of transport through the marine environment. Tonic
species, such as many heavy metals, tend to be held
in solution or to establish solubility or ion ex-
change equilibria with sediments or suspended
solids. Uncharged species, such as hydrocarbons,
may be attracted to interfaces with the atmosphere
or sediments, especially in association with or-
ganic films. Therefore, in order to predict trans-
port routes of specific pollutants, it is essential
to know chemical forms of pollutants as well as
their concentrations or concentration gradients.

We recommend the acquisition of baseline informa-
tion that determines both the concentration and
principal chemical form of pollutants in sea water.

Chemical pollutants may enter the oceans by
flow through the coastal zone, where salinity may
change from fresh to salt water. Although consid-
erable deposition of pollutants has been observed
in sediments near river mouths and considerable
transport to the deep ocean also occurs, the chemi-
cal factors governing the efficiency of deposition
and transport in solution are poorly understood.
Many thermodynamic properties of pollutants are
known to vary non-linearly with salinity, and it is
likely that shifts in chemical potentials, which
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may serve as driving forces for reactions, can re-
sult from estuarine mixing. Because both inorganic
chemical reactions and biochemical and biological
processes may be affected, these chemical driving
forces must be better understood in order to assess
the efficiency of transport of a pollutant through
the coastal zone to the waters of the continental
shelf and beyond. Therefore, baseline information
should include both a review of chemical thermo-
dynamic properties of pollutants in waters of vari-
able salinity and an assessment of forces for
chemical reactions associated with estuarine mixing.

Exchange of pollutants between sediments and
water may depend critically on the oxygen content
of the water, which may be controlled by decay of
organic matter and is often increased by excessive
phytoplankton growth as a result of nutrient pol-
lution. As an example, in oxygenated water Mn may
be held by sediments as MnOj; and accumulate certain
grace heavy metals, but in anoxic waters the MnOj
may dissolve and release the heavy metals to solu-
tion. Also, in anoxic waters certain elements may
be bound to sediments as sulfides. Moreover, or-
ganic reactions may be induced by a transition from
high to low oxygen content of water. Conseguently,
research should be undertaken on the detailed
shifts in chemical equilibria associated with an-
thropogenic transformation of bottom waters to an-
oxic condition.

ACCUMULATION OF ORGANIC POLLUTANTS AT INTERFACES

Surface-active organic compounds adsorb readily
at phase boundaries such as the air-sea interface,
the water-solid boundary of suspended particulate
matter, or the oil-water interface of a petroleum
spill. At the air-sea interface the organic mole-
cules may undergo concentration by convergent
forces until they form a coherent monomolecular
film, commonly called a sea slick. These slicks
are visible because of their ability to damp cap-
illary waves and produce a light reflectance anoma-
ly on the sea surface. In addition, surface-
active organic species in petroleum products cause
the chemical spreading of oil slicks and promote
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the emulsification and dispersion of the spilled

oil into the sea. These molecules derive their
surface activity from a polarized chemical struc-
ture containing a hydrophilic functional group that
anchors it to a phase boundary while its hydrophobic
segment (hydrocarbon portion) is oriented away from
the high energy interface.

In general, the polar fatty compounds, such as
fatty acids, alcohols, and glyceride esters of
fatty acids, are the most water-insoluble and per-
sistent constituents of the sea surface. Although
there has been no specific chemical identification
of other classes of compounds in surface films, the
existence of positive nitrogen and phosphorus tests
suggests that small quantities of denatured pro-
teinaceous fragments, phospholipids, and sterols
are present.

In seawater, the organic pollutants (e.g.,
chlorinated hydrocarbons and organic forms of
heavy metals) will be distributed preferentially
into the less-water-soluble organic phases. These
organic accumulators may be sea surface films (FAO,
1971; NAS, 197la), adsorbed organic layers, or pe-
troleum products. Thus, aggregates of natural or
contaminant organic material will accumulate and
concentrate other organic pollutants that are pref-
erentially soluble in the relatively water-insolu~
ble hydropholic matter. For example, the partition
coefficient of DDT between sedimental river oils
and water has been found to be 1.5 x 10° (Hartung
and Klingler, 1970). DDT is almost wholly water
insoluble, while it dissolves to the extent of
8-12 ¢g/100 ml in vegetable oils, kerosene, and
gasoline. Its solubility in benzene, an aromatic
organic chemical, is 78 g/100 ml. Consequently,
petroleum spills, natural sea slicks, and adsorbed
water-insoluble organic matter should accumulate
lipophilic pollutants, which can then be incorpo-
rated and further concentrated into the oceanic
food chain by biological assimilation.

Organic surface films are often ephemeral and
fragile at a dynamic air-sea interface. When dis-
persed by wind and waves, the slick constituents
(along with the organic pollutants) will be driven
to some site in the underlying water dictated by
the nature of the disturbance. Upon the return of
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calm conditions, the surface film can re-form by
adsorption of film-forming material, again possibly
containing oil-soluble pollutants. Atmospheric
fallout and precipitation scavenging transport or-
ganic pollutants into natural surface films or oil
spills at the air-sea interface. Conversely,
bursting air bubbles and spray can reintroduce such
pollutants into the atmosphere along with organisms
that have assimilated them.

As mentioned previously, there is experimental
evidence for the concentration of DDT in sea slicks.
However, these data come from one research study,
and considerable confirmatory evidence is reguired
to determine the extent of this effect, not only for
surface films but for organic aggregates, water-
insoluble organic molecules at the sea surface (not
in coherent films), and petroleum products at vari-
ous sites in the sea. There is also the possibili-
ty that heavy metals may be accumulated in organics
by solubility effects when the metals are organi-
cally combined or associated with the surface of
organic aggregates.

Thus it is recommended that a research program
be established to determine the organic pollutant
levels in natural and contaminant (petroleum) sur-
face films, organic aggregates, nonslicked sea
surface, and particle-free seawater. Distribution
coefficients of organic pollutants between various
organic phases and seawater should also be deter-
mined. It is anticipated that these determinations
will be most easily performed in organic-rich
coastal water, although a few deep-sea samples
would also be desirable. Samples from shipping
lanes or ports where oily pollution is present
would demonstrate possible concentration by petro-
leum products. Where suitable analytical methods
are available, the amounts of heavy-metal organics,
chlorinated hydrocarbons, and polycyclic aromatic
hydrocarbons, (e.g., 3, 4-benzopyrene, a carcino-
genic compound) should be determined.

We recommend a research program that includes
controlled laboratory verification of this accumu-
lation mechanism to substantiate and support the
data from the sea sample analysis. Perhaps an
artificial sea slick of nonpolluting, film-forming
chemical, such as oleyl alcohol (Barger et al.,
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1970), should be generated to determine its rate of
pollutant uptake. This experiment might be per-
formed in a tropical portion of the ocean under the
influence of easterly winds that transport organic
pesticides from North Africa toward Florida.

Two existing methods may be used to effect sea-
surface sampling: a screen sampling technique

(Garrett, 1965) and a rotating drum skimmer (Harvey,

1966). A discussion of the relative utility and
validity of these sampling schemes is detailed in
the FAO Fisheries Report (1971).

CHEMICAL EFFECTS OF SEDIMENT-WATER AND
PARTICLE~WATER INTERFACES

The distribution of a pollutant between dis-
solved forms and forms associated with particles
is an important factor in determining how the pol-
lutant will be transported. This distinction is
especially important in the coastal zone through
which many pollutants are carried. Totally dis-
solved substances will generally follow water motion
very closely, and their transport is relatively
well understood. Substances associated with parti-
cles will tend to settle toward bottom where their
transport can be less adequately predicted. In
some estuaries, particle-borne pollutants may sim-
ply be accumulated. Particles passing through an
estuary tend to settle on the continental shelf,
although the very finest material may travel well
away from its source in suspension.

Many pollutants entering estuaries will al-
ready be adsorbed. Changes in composition and
ionic strength of the supporting solution will be
encountered by particulates during transport from
rivers into the sea. These changes may induce a
redistribution between dissolved and particle-
assoclated forms of a pollutant.

Release of adsorbed pollutants from particles
may occur because of displacement by sea salt con-
stituents or of changes in activity coefficients
(Kharkar et al., 1968; Johnson et al., 1967).
Estuarine zones may be the site of sorption or pre-
cipitation of other pollutants (Kautsky, 1966).

The formation of hydrous oxide precipitates of Fe
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and Mn and their flocculation along with other sus-
pensoids may provide effective scavenging of pollu-
tants entering the estuaries either from land or
sea.

Most of the particles with adsorbed pollutants
passing through an estuary are deposited relatively
near shore on the continental shelf. Because of
occluded organic material, these sediments become
anaerobic almost immediately below the sediment-
water interface. The subsequent reduction of vari-
ous chemical species results in an immobilization
of some species, such as sulfur, from dissolved
sulfate to insoluble metal sulfides, as well as a
mobilization into interstitial waters of iron,
manganese, and other metals. These shelf sediments
act both as a source and sink for various elemental
and molecular species.

At the edge of a continental shelf in the vi-
cinity of river outflow, deposition of sediment
eventually produces an unstable structure that col-
lapses, and the subsequent sediment-water suspen-
sion with its high density flows rapidly down
slope, as a turbidity current, to the abyssal plain
of an ocean basin. This suspension would include
the interstitial water with its solublized-reduced
forms. On the abyssal plain, reoxidation and im-
mobilization through adsorption would occur. How-
ever, on the abyssal plain, the distribution of a
pollutant between aqueous and solid species will be
different than on the shelf because of the decreased
pH of deep ocean water and the pressure effect on
chemical equilibria.

A small fraction of the particles introduced on
the shelf remains in suspension, is transported for
long distances, and is deposited in the deep ocean.
This fraction, apparently consisting of an associ-
ation of small particles and water known as coacer-
vates, forms a tongue of aluminosilicate material
in the vicinity of the thermocline. This type of
suspended material is about 20 percent of the total
in the Gulf of Mexico and has an estimated settling
rate of about 3 meters/day (Feely et al., 1971).
The other major components of suspended materials
are particulate organic carbon, produced in the
surface layer (especially in near shore and other
highly productive areas), and a non-aluminosilicate

s
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inorganic material consisting of the tests of fora-
minifera and diatoms and hydrated oxides of metals
such as iron and aluminum. Each of the major types
of suspended material should exhibit a different
sorption of extraction medium for pollutants.
Petroleum and chlorinated hydrocarbons should pre-
fer particulate organic material over the others;
trace metals should prefer the sorption sites on
aluminosilicates.

The processes referred to in general terms
above are not well enough understood to predict how
a specific pollutant will be transported through an
estuary, across the shelf, and into the deep sea.
In the immediate future it will be necessary to
determine the direct distribution of specific pol-
lutants. Our ability to forecast the particle-
solubility relationships for classes of pollutants
should be improved, in part through acquiring de-
scriptive knowledge of particular pollutants. In
addition, fundamental research on the processes and
mechanisms whereby pollutants are attached to and
retained by particles, determination of thermo-
dynamic changes in the solution-particle relation-
ship under changing salinity, pressure, temperature,
pH, and Eh, and understanding the kinetics with
which new equilibrium conditions are approached
will improve our forecasting ability.

BIOLOGICAL AND BIOCHEMICAL PROCESSES AFFECTING
POLLUTANT TRANSPORT

Most pollutants as well as some naturally
occurring substances are accumulated in organisms.
The mechanisms for this accumulation vary from
compound to compound and could be passive depend-
ing on fat solubility (chlorinated hydrocarbons) or
tendency to form complexes with sulphur groups in
proteins (heavy metals)} or due to an active trans-
port (arsenic oxides may proxy biochemically for
phosphate) .

The concentration figures obtained for a given
pollutant might be very high, as for PCB's, with
the result that the organisms' nerve tissues would
contain a large proportion of the amount of the
pollutant present in the ecosystem. The concen-
tration of a pollutant in organisms will, of
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course, be of importance for the transport pattern
of the compound.

When a pollutant compound passes through an or-
ganism it is unlikely to come out in the same form
as it entered. One extreme of the metabolism in
this sense is total degradation, but, even in cases
where complete breakdown does not occur, the prop-
erties of the pollutant are still likely to be
changed. A typical example of such a change in-
volves a decreased fat solubility and an increased
water solubility. Often the secreted compound
comes out in association with fecal pellets.

These changes in chemical properties and associ-
ations frequently cause the pollutant to move from
one phase in the transport system to another.

Often the general direction of metabolic change in
properties of a pollutant passing through an organ-
ism is from fat to water soluble. However, several
exceptions with a considerable ecological impact

exist (e.g., the biological methylation of mercury)
in which fat solubility is increased by metabolism.

In most cases, while the change of properties
is known to be very important for the transport
pattern, the metabolic fate of pollutants and the
change of their properties from compound to meta-
bolite are very poorly understood. These must be
understood before predictions can be made of the
route of transport for a pollutant.

Another effect of accumulations of a pollutant
in organism tissues like fat might be a decreased
rate of metabolism, which could allow the pollutant
to be more widely spread. Such a protective accu-
mulation may be most important for certain highly
toxic substances with a low persistence, such as
organic phosphate compounds used as pesticides or
nerve gases. This field, however, is very poorly
understood, and the possible role of this kind of
process must be evaluated.

GENERAL RECOMMENDATTIONS

In the coastal zone, the physical transport
processes in stratified estuaries and over
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continental shelves that affect conservative pol-
lutants are still poorly understood. The driving
forces for chemical reactions caused by mixing
fresh water with sea water have not been evaluated
for pollutant substances. We still lack good field
data on sedimentary particles and chemical data on
their pollution content in contaminated areas. In
view of this and the specific recommendations below,
the task group recommends coordinated physical,
chemical, and sedimentological field investigations
of selected coastal locations that make a serious
attempt to account for the transport of pollutants
into the marine environment.

The sea surface 1s both an entry zone for air-
borne pollutants and a location for accumulation
and chemical weathering of crude oil spills and
other contamination, yet we lack even rudimentary
chemical data on sea slick composition. The task
group feels that organic slicks, suspended aggre-
gates, and particle coatings may be important sites
for pollutant concentration and chemical change.
Research on the chemistry of these materials should
be given high priority.

The study of pollutant accumulation and trans-
port by sediments is complex and does not lend it-
self to simple elegant approaches. Because the sea
floor, particularly near land, is being seriously
polluted in many areas, our control decisions must
be based on sound knowledge of pollution behavior
in sediments. We have no choice but to undertake
the extensive and often painstaking research nec-
essary to assess the damage already done and to
avert further sea floor deterioration.

The task group suspects that it may be a rule
rather than an exception that pollutant substances
are altered in form by microbioclogical processes
in the sea. Mercury is rendered more toxic by con-
version to methyl mercury, and the same may be true
of a number of other metallic contaminants. Bio-
degradation rates of organic pesticides in general
have not been measured under complex marine con-
ditions but may be different, perhaps slower, than
they are where the pesticides are applied. Conse-
quently, the task group recommends that the knowl-
edge and skills of biochemists be ultilized to the
greatest extent possible in marine pollution
research.
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SPECIFIC RECOMMENDATTIONS

PHYSICAL OCEANOGRAPHIC RESEARCH AREAS

+ TUndertake quantitative descriptions of physi-
cal transport processes in stratified
estuaries.

+ Develop time dependent solutions (analytical
and/or numerical) for the dynamic and kine-
matic equations defining the transport and
diffusion of natural constituents and of
introduced pollutants in stratified
estuaries.

+ TImprove quantitative understanding of physi-
cal transport processes in continental shelf
areas through intensive observational pro-
grams in representative regions.

+ Determine residence times of water in major
ocean basins and mediterranean seas.

+ Develop methods to describe the physical
distribution of particulates in all coastal
regimes, coupled with programs to collect
field data on particulate concentrations and
on the occurrence of turbidity flows.

WATER AND SEA SURFACE CHEMISTRY RESEARCH AREAS

+ Acquire baseline information on pollutants
in sea water, including both concentration
measurements and the determination of prin-
cipal chemical form.

+ As baseline information, review the chemical
properties of pollutants in waters of wvari-
able salinity and assess the potentials for
chemical reactions associated with estua-
rine mixing.

+ Undertake research on the shifts in chemical
equilibria associated with anthropogenic
transformation of bottom waters to anoxic
condition.
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Establish a research program to determine
the organic pollutant levels in sea surface
samples from natural surface films, contami-
nant films of man-made effluents (petroleum,
etc.) and clean, nonslicked water. These
pollutant levels should be determined in
organic aggregates and particle~free sea
water.

Determine distribution coefficients of or-
ganic pollutants between these organic

phases and seawater. Determine decomposi-
tion rates and half-lives of organic pol-
lutants in marine fats and oils and potential
petroleum contaminants.

RESEARCH AREAS IN THE GEOCHEMISTRY OF SEDIMENTS AND
SUSPENDED PARTICULATES

+

Determine the distribution of pollutants
(e.g., heavy metals, petroleum compounds,
pesticides) between dissolved forms and
particulates such as mineral fragments, Fe
and Mn oxides, and organic detritus when
they enter the marine environment and after
introduction.

Determine the relative importance of the
physical, chemical and biological processes
that lead to incorporation of pollutants
into particulate phases or to release of
pollutants from particles into solution.

Determine the rates at which changes in par-
ticulate-soluble distribution of metals and
pesticides occur during passage through the
coastal ocean. This may involve essentially
unidirectional reactions induced by changes
in equilibria and continuous dynamic proc-
esses approaching steady state.

Determine the rates and mechanisms for
transport of minerals and organic detritus
through estuaries, across and along the
continental shelf, and into the deep sea.
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+

Determine the character of spatial distri-
bution and horizontal and vertical transport
rates of natural suspensoids in the air and
water in the vicinity of pollution centers.

Determine the effect of sea water on various
pollutants on particles deposited in the
ocean from the atmosphere.

BIOCHEMICAL RESEARCH AREAS

+

Study modifications of chemical form of
trace elements and trace organic pollutants
induced by metabolic processes, especially
when transport routes in the marine eco-
system are affected.

Measure degradation rates of normally low
persistence pesticides in the marine en-
vironment, especially when persistence may
be increased under low temperature condi-
tions or if the pesticides are accumulated
in protective organic or inorganic phases.
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INTRODUCTTION

Living organisms may profoundly influence the
movement, chemical states, and ultimate fates of
polluting agents that enter the sea. In some in-
stances, they may accumulate the pollutants in con-
centrations far exceeding those encountered in the
water itself. 1In other cases, the organisms may
pass the material along quickly to the water, sedi-
ments, or other organisms after modifying the chem-
ical and physical states of the polluting agents.
In either instance the organisms may directly or
indirectly transport the materials over long dis-
tances and through a considerable range of depths.
On the other hand, the pollutants may act as toxins
or stress agents affecting a broad spectrum of ma-
rine organisms or only particular life history
stages of selected species. Whether one focuses
attention on the mechanisms by which marine organ-
isms affect the pollutants or on the effects of the
pollutants on organisms, it is clear that many ma-
rine species, including those useful to man, may in
the long run be adversely influenced by the level
of marine pollution. Because of the variety of
potentially important polluting agents, the diversi-
ty of marine life and the complexity of its proces-
ses, as well as the great expanse of the world
oceans, the assessment of the organism-pollutant
problem is a task of considerable magnitude.
Nevertheless, the variables may be sorted out,

49



50 BIOLOGICAL EXCHANGE PROCESSES

rational analytic approaches may be devised, and
priorities can be established for field and labora-
tory investigations that will provide the critical
information necessary for understanding the rela-
tionships of pollutants to the living systems of
the sea.

In order to understand the transfer, transport,
and concentration activities of marine organisms
that influence the movement, chemical states, and
ultimate fates of polluting agents, the following
steps are essential:

+ Identification of the specific polluting
agents,

+ Identification of the biological mechanisms
that may be involved in the transfer of
pollutants,

+ Review of the present state of our knowledge
of the pollutant-organism relationships in
the sea,

+ TLaboratory study of biological transfer
mechanisms, and

+ Development of models capable of reliable
prediction.

POLLUTANTS

Three major classes of pollutants need to be
considered: nonsoluble particulates, water soluble
materials, and fat-soluble materials, because these
properties determine reactivity and fate. A fourth
special class includes the microbial pathogens. It
is useful to be aware that pollutants may be of
natural origin, in most cases concentrated by man,
or may exist entirely through human design. The
fact that the number of individual pollutants is
very large and that biological activity, specific-
ity, and response is widely variable and often not
known makes it difficult to recommend specific
materials or agents for prior attention in relation
to environmental gquality. It must be recognized
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that technologies and their by-products change.
Furthermore, experience on the ecology of pollution
is limited and is needed as much as the information
on specific pollutants.

NATURAL POLLUTANTS

Crude o0il and the constituents of crude o0il are
basic to the world's economy and the character of
modern society. Locally, through sea-floor leaks
or by accidental release and, for petroleum products
at a wide variety of specific or dispersed entry
points, these materials reach the marine environ-
ment in quantity and will continue to do so in the
future. As a class, these materials present com-
plex ecological problems. However, because of the
chemical diversity of the components of oil, re-
searchers should be expected to offer cogent rea-
sons for giving major attention to individual
compounds.

Heavy metals (such as mercury, copper, lead,
cadmium, nickel, silver, chromium, and cobalt) are
normal to the environment and some, at least, per-
form critical biological functions. As by-products
of various industrial processes, however, these
substances are likely to become associated with
biological materials in toxic concentrations and to
accumulate in species contributing to human food
needs. The selection of specific elements for
study should be based on known or suspected bio-
logical activity as well as on existing or potential
environmental loading.

Most ecologists are concerned with major nutri-
ent elements as factors limiting productivity.
Local overloading, especially by nitrogen and phos-
phorus, is common and offers a number of alterna-
tives for management that could demand considerable
insight in view of likely factor interactions.

Pathogenic organisms create special problems as
pollutants, both as agents of human disease carried
passively by marine animals and, perhaps, because
they could become important as parasites of aguatic
organisms in culture at high density. The problems
are likely to be confined to zones very close to
shore, although it would not be difficult to visu-
alize interference of a much more extensive kind.
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Pathogens as well as micro- and macro-organisms

with toxic properties can create dramatic situations
with individuals or communities as victims. How-
ever, consideration of biological agents as pollu-
tants should be held in careful perspective. Ecto-
crine substances (allelochemicals) may deserve more
extensive investigation, although perhaps not in re-
lation to programs addressed to environmental
quality.

ARTIFICIAL SUBSTANCES

This remarkably diverse group of chemical com-
pounds includes aromatic and halogenated hydro-
carbons, metallo-organics, organic phosphates, de-
tergents, enzymes, chelators and pharmaceuticals.

A study of only a few of these materials in large
scale is practical, although problems with indi-
vidual compounds are always likely to arise requir-
ing active research and management. With few ex-
ceptions, compounds should be singled out for study
as representatives of pharmacological classes,
especially those resistant to decomposition and ir-
replaceable in terms of agricultural practice or
some other widespread and essential activity. Halo-
genated hydrocarbons almost certainly demand
priority.

MECHANTISMS

The exchange of pollutants in the marine bio-
sphere is governed in part by purely biological
processes. These processes may be divided into
transfers, involving either the exchange of sub-
stances between organisms, or between organisms,
water, and detritus, including soluble organic ma-
terial; and transport, involving the exchange of
substances over considerable horizeontal or vertical
distances. Understanding the dynamics of how pol-
lutants may be exchanged by these two biological
Pprocesses requires investigation. Further elabora-
tion of the processes involved follows.
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BIOLOGICAIL TRANSFERS

Biological transfer mechanisms are essentially
energy dependent; for example, the uptake of an or-
ganic molecule, such as glucose, is an active pro-
cess involving ATP. At times, however, the trans-
fer of pollutants to some organisms in the biosphere
may be facilitated or enhanced by purely physical/
chemical processes, such as precipitation, disso-
lution, adsorption, complexation, and diffusion.

In the act of feeding, organisms transfer pol-
Iutants throughout the food web. An important as-
pect of this transfer is that, in the process of
recycling organic material, the food web acts as a
continuous extractor in which pollutants may be-
come most concentrated in the oldest organisms of
the highest trophic level. The mechanism of feed-
ing may be broadly divided into filter feeding and
raptorial feeding; the partition of a pollutant
within a single community (e.g., the plankton) may
differ, therefore, depending on the feeding pro-
cess involved. Food secured by either process is
not entirely retained by the animal; the initial
transfer involves ingestion, which leads to a divi-
sion of the food item into the portion that is as-
similated into the animal's body and the portion
that is voided as feces. Of the material that is
assimilated into the animal's body, a portion is
returned to the environment through excretion. Ad-
ditional substances may be discarded by some ani-
mals, for example, exoskeletons from crustaceans
and mucus from fish. Among phytoplankton and sea-
weeds, organic material formed through photosyn-
thesis may be lost through exudation of soluble
substances from living plants. Autolysis and mi~-
crobial degradation of dead plant and animal tis-
sues also result in the return of substances into
the reservoir of detritus in the sea. Biological
transfers may lead to a change in form of the
original pollutant. Such changes might include
detoxification mechanisms (e.g., glucuronide con-
jugation of phenols), decomposition, dissolution,
and specific biochemical modifications (e.g., the
methylation of Hg by certain microbes).
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BIOLOGICAL TRANSPORT

The transport of pollutants over great distances
in the oceans may be accomplished through animal mi-
grations. Anadromous fish and sea birds, may carry
pollutants to and from the land under natural con-
ditions. The distances involved in these transport
mechanisms may be as much as several thousand miles
/yr. 1In addition, man's harvesting of marine re-
sources results in the transport of marine organ-
isms from the sea to the land. The quantity of bio-
mass transported in this manner may amount to 60
million tons/yr.

Vertical transport in the water column ranges
from several meters/day (the sinking rate of phyto-
plankton) to 1000 meters/day (the migration rate of
certain deep sea fishes). Benthic animals trans-
port material through considerably shorter horizon-
tal and vertical distances than those through which
pelagic animals transport materials. However, the
benthic community reworks sediments, which results
in partial return of material to the pelagic food
web.

Marine biological processes have the capacity
to transfer and transport pollutants more rapidly
than most chemical and physical processes. The
transfer of pollutants through the food web and
their transport over great distances constitutes a
rapid transit system in the sea that is comparable
to and often exceeds the movement of ocean currents,
sedimentation, and vertical mixing processes. It
appears important therefore that the mechanisms of
transfer and transport outlined above should be
identified and quantified in any environment. From
these data, and data on the partition coefficients
of pollutants in different organisms, it may be
possible to provide the information required for
models of pollutant exchange discussed in Chapter
III.

FIELD STUDTIES

To assess the impact of pollutants upon the
marine environment, we must determine their
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occurrence, distribution, and concentration in the
various phases or compartments of the ocean eco-
system. These phases or compartments include the
water, sediments, suspended particulate matter,
dissolved organic matter, and living biota and,
within the latter, the plankton, nekton, and ben-
thos. Only fragmentary information of this kind is
now available for some of the better known pollu-
tants and for certain substances such as heavy
metals that also occur naturally in the sea. The
existing data are also scattered both in time and
location and are not adequate to provide a com-
plete budget of any single pollutant in any marine
area. Obtaining such basic information is a pre-
requisite to understanding chemical and biological
transfer of pollutants and their oceanic transport.
For those pollutants that occur naturally in the
ocean, baseline data are also needed from areas be-
lieved to be minimally exposed to wastes in order
to closely approximate natural levels and distri-
butions of such substances.

Assessment on a world ocean basis is obviously
not possible, but assessment could reasonably be
undertaken in selected areas. The area should be
selected to include tropical, temperate, and polar
environments and regions that are both heavily and
minimally exposed to pollutants. Four to six such
study areas might be a reasonable objective for an
initial assessment program, at least half of which
should include or traverse major commercial fishery
areas. Some of the surveys should extend from the
coast, including estuaries and embayments, across
the continental shelf and into the abyss, with
attention to each of the major depth zones.

Where possible, the selection of areas for pol-
lution studies should take advantage of previous or
continuing fisheries surveys or general ecological
investigations that can provide pertinent data on
standing stocks. The refinement of standing stock
estimates should be emphasized only when the in-
formation is required as an integral part of on-
going programs of environmental quality.

Organisms should be carefully selected to
represent the total biota, and random or opportun-
istic collections should be avoided. Selections
should be based on criteria such as trophic levels,
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feeding habits, size, habitat, geographic distribu-
tion, guantitative importance in the system, and
commercial importance. In order to determine the
total mass balance and flux of pollutants through
the environment, both the concentration of a given
pollutant in each compartment and the total mass of
the various compartments must be known. Although
the total mass is known for some of the compart-
ments in some geographical areas with reasonable
acecuracy (e.g., phytoplankton, zooplankton, partic-
ulate matter, and dissolved organic matter), pres-
ent technology limits our knowledge of other cate-
gories (e.g., pelagic fishes, benthos).

An understanding of the flux of pollutants
through the various compartments of the marine eco-
system also requires knowledge of the routes or
pathways of organic matter through food webs. The
highly complex subject of food webs is understood
only in very general terms in marine systems. How-
ever, existing knowledge and recent advances in
both qualitative and quantitative aspects of food
web dynamics can be used to advantage in the selec-
tion of both study areas and representative organ-
isms for the field investigations. Food webs in
marine systems should be studied only when they
constitute an integral part of other environmental
studies.

LABORATORY STUDTIES

Field studies should indicate possible routes
of pollutants through marine biological systems
and, therefore, suggest which transfer mechanisms
are most important. The nature of these mechanisms
can be elucidated through laboratory experimenta-
tion that permits detailed examination of inter-
actions between cultures of organisms and pollu-
tants under controlled conditions. Laboratory
studies also permit the qualitative and quantita-
tive investigation of mechanisms important in the
transfer of pollutants from one organism to another
within a representative food chain, as suggested
by results of field investigations.
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Laboratory studies of the bioclogical exchange
kinetics of pollutants should be designed to answer
the following types of guestions:

+ When in the growth cycle of an individual
organism is the net uptake rate of the pol-
lutant a maximum?

+ How does the concentration of a pollutant
affect its biological exchange kinetics?

+ What effect do environmental factors such as
temperature, pH, and oxygen concentration
have on biological exchange kinetics?

+ How does the form in which a pollutant exists
affect its biological exchange kinetics?

+ Do combinations of pollutants synergisti-
cally affect the biological exchange kinet-
ics of the individual substances (e.g., ion
exchange and competition for active sites)?

Information concerning organism-to-organism
transfer of pollutants is needed. For example:

+ How does the concentration of a pollutant in
one trophic level affect that in another?

+ What is the transfer of a pollutant during
biological decomposition?

Laboratory studies to determine the basic phys-
jical, chemical, and biochemical nature of biological
transfer mechanisms should be emphasized so that
the information obtained from the artifical labora-
tory system can be more generally applied to the
natural system. Examples of questions that require
consideration are:

+ 1Is the concentration of a given pollutant
by an organism-due to active uptake or due
to physical or chemical processes (e.g.,
adsorption)?

+ Where in various organisms are pollutants
concentrated?

+ What is the biochemical association of a
pollutant within a given organism (e.g.,
heavy metals associated with enzyme systems
and porphyrins)?
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DEVELOPMENT OF MODELS

Because it is not possible to analyze any one
marine system in exhaustive detail or to analyze
all marine systems even partially, it is necessary
to develop general models for the behavior of pol-
lutants in the marine systems. Such models should
incorporate information from both field and labo-
ratory studies and should simulate the behavior of
different classes of pollutants in several types of
marine situations.

Several types of models should be explored,
such as flow diagrams, differential equations, and
linear computer models. Models should incorporate
information concerning transfer pathways, flow
rates, residence times in various compartments, and
overall budgets. By bringing together all the
available information concerning a given type of
pollutant within the context of a particular type
of marine system, such models should provide under-
standing and predictive capability. Thus, it
should eventually be possible to estimate the bio-
logical effects of various levels of initial pol-
lutant concentration, even as the system is sub-
jected to additional external perturbations (for
example, weather or other pollutants).

GENERAL RECOMMENDATIONS

The following recommendations are made in order
to establish a predictive capability based on a
knowledge of transfer and transport mechanisms:

+ Studies that are likely to provide informa-
tion on fundamental and widely applicable
principles governing the transfer of pol-
lutants should be emphasized.

+ Information on the effect of environmental
factors on the transfer processes'involved
must be obtained.
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+ A small number of well-coordinated multi-
component field investigations should be
chosen, based on their applicability to the
control of pollution problems in the sea.

SPECIFIC RECOMMENDATIONS
AND SUMMARY

Understanding the influence of community bio-
logical activities in distributing pollutants in
the sea is especially difficult. Although we have
a reasonably good and constantly improving concep-
tual understanding of ecological species webs, we
lack really detailed information on the organiza-
tion and dynamics of even healthy marine ecosystems.
We cannot offer complete budgetary information for
even single pollutants in a marine ecosystem, an
essential first step in understanding biological
control of pollutant transfer. We know little of
the effect of pollutants at the ecosystem level or
how, once polluted, ecosystems behave in terms of
pollutant exchange.

Action on the pollution problem cannot be put
aside while scientists unravel the complexities of
ecosystem integration. We must take whatever steps
are possible with the knowledge currently at our
disposal. At the same time, it would be dangerously
short-sighted to neglect studies of what may be
termed the healthy ecological state.

While there are many reasons for looking into
pollutant transfer in entire ecosystems as well as
within individual components or segments of the
food web, this task group recognized that research
along these lines could easily become diffuse and
ineffectual. It follows that investigations at the
ecosystem level should be expected to have very
well-defined objectives and limits. There are a
number of options available to assure that re-
searchers effectively manage their activities.
Those concerned with the direction of research
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effort have a special responsibility in this regard
but should not neglect the potential of the inno-
vative individual or small group of investigators
in favor of larger frames of control, however im-
portant coordinated action may be.

The task group was convinced that progress in
marine environmental research will require funding
to create expanded research facilities, recognizing
the scale of action required in tackling multiple
factor problems.

Finally, and not unrelated to the immediate
challenge of environmental research, the task group
considers it imperative that judicious attention be
given to matching training programs to the latest
research developments and insights. Additionally,
every effort should be made to expose students in
basic disciplines to the potentials of involvement
in environmental programs.

Recognizing the existence of certain well-
defined biochemical, physiological, behavioral, and
structural features characteristic of living
systems, we recommend research in biological ex-
change useful in influencing environmental gquality,
to obtain information on:

+ Representative multiple component marine
systems

Selection to be based on

- latitudinal coverage,

- capacity to expose links between
coastal, open ocean and depth zones,
and

~ interaction with human interests and
activities (intense and minimal).

Data to be collected on the distribution
and fluxes of selected pollutants in
- water,
- sediments,
- suspended particulate matter,
- dissolved organic matter,
- biota: plankton, nekton, benthos, and
- major organisms in each group based on:
trophic position,
size,
feeding habits,
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quantitative importance,
dynamic importance, and
economic importance.

+ Specific processes (largely in the labora-

tory)

Exchange kinetics as affected by:

age,
pollutant concentration,

major environmental variables,

form in which pollutant occurs, and
co-existence of pollutants.

Organism to organism transfer in relation

to,

for example, trophic concentrations of

pollutants, and decomposition.

Basic nature of transfer - physical, chemi-
cal or biochemical; cellular and organ
sites of accumulation; nature of biochemi-

cal

association.

+ Integrative technigues based on modeling and
useful in prediction and management.

Basic knowledge of biological organization is

incomplete.

However, emphasis should be placed on

research that can make effective use of existing
knowledge at all levels.
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INTRODUCTTION

THE BASIC OBJECTIVE

Society, particularly the components of society
responsible for the political and economic manage-
ment of the oceans, needs information on the bio-
logical effects of pollutants that can be used to
make management decisions that allow and ensure the
continued existence of a functioning and productive
ocean. Without this information, the decisions
that affect the oceans will be made (and have been
made in the past) on economic and political con-
siderations alone. We clearly recognize that we
cannot propose with certainty research concepts
that will "protect" the essential productive func-
tions of the oceans, but we believe strongly that
the currently used methods of assessing pollutant
effects are inadequate and that a more complete
conceptual framework for designing this kind of
research can be recommended. The following report
gives our recommendations for the kind of work that
will lead to improved environmental management.
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BIOLOGICAL TRANSFER TO MAN VERSUS
BIOLOGICAL EFFECTS

The problem of tracing a chemical pollutant
through a food chain is distinct from evaluating
the effect of a chemical pollutant on a food chain
or population of organisms. The toxic effects of
a chemical pollutant on a natural system and the
rate of transfer of that pollutant through the sys-
tem are inversely related. If a pollutant signifi-
cantly reduces reproduction, development, or an-
other vital function of an organism, then the
amount of the pollutant that can be concentrated
and passed through the populations will be less.
This observation suggests that organisms most like-
ly to return concentrated chemicals to man are those
organisms that are least affected by the pollutant.
Studies that indicate that a particular level of a
pollutant has no discernible impact on an organism
do not indicate that there is no human threat from
that organism. The public health threat is related
to the concentration and transfer of pollutants in
economically important food chains. Woodwell (1970)
has proposed that the most complex organisms in an
affected assemblage will be the most sensitive to
stresses such as radiation. If toxic pollutants
behave analogously to radiation then man may be
proposed as a very sensitive member of certain
marine food chains. (Whether man is necessarily
the most sensitive organism of these food webs is
not known but can be experimentally evaluated.)
This line of reasoning suggests that, if the re-
lease of pollutants into the environment is regu-
lated in such a way that human health is protected,
a certain level of protection for ocean systems
will result. 1In the absence of better knowledge on
biological pollution effects, this strategy is
certainly an acceptable one to use.

The inverse situation should alsc be consid-
ered. If the larval development of one of the
crustacea in an economically important food chain
is the most sensitive 1link (e.g., Mirex and stone
crab larvae; Bookhout et al., 1971), the resulting
food resource will decline. Man will suffer from
an economic and, in some areas of the world, health
threat as a result. The potential health threat of
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starvation from the loss of marine protein is no
less a threat than the return of a toxic pollutant.
Research programs should consider both the transfer
of pollutants and the effects of pollutants.

INADEQUACY O
TOXICITY S
In the past, water guality has been evaluated

almost exclusively by acute toxicity experiments in
which a limited range of test organisms has been
subjected to toxicants for a certain time (arbi-
trarily decided) and the dose required to kill

50 percent (LDgp) used as the basis for a standard.
Some of the shortcomings of the traditional ap-

proach are:
A limited range of test species is used.

Hardier laboratory organisms are used, which
are likely to be less sensitive to pollutants.

Adults are used rather than the more suscep-
tible embryos and larvae.

The influence of long~term sub-lethal concen-
trations on behavior, survival, reproduction,
and community structure have not been de-
termined.

In phytoplankton toxicity tests with axenic
cultures, no account is taken of bacterial

transformation of pollutants as in natural

conditions.

The density of phytoplankton in toxicity tests
is often unrealistically high, (e.g., over 104
cells/ml).

The gquality of control media is inadequately
monitored, so that the media may contain low
levels of other pollutants.

The emphasis of LDgy data results in part from
legal requirements for evidence that a given con-
centration of a pollutant will kill organisms.
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Research is needed to define more sensitive, but
legally functional, criteria that take into account
the subtle and long-term effects that will degrade
or destroy ecosystems. These criteria have to be
developed with both a knowledge of the ecological
subleties involved and with a realization of the
ultimate use of the criteria required to make and
enforce anti-pollution laws.

ING ORGANISMS AND
S FOR STUDY

The greatest scientific benefit will result if
the intensive research is focused on relatively few
kinds of organisms and systems. We are aware of
the risk of extrapolating from one organism to an-
other, one population to another, and from one
geographical locality to another. These extrapola-
tions must be made because we cannot study all the
components of a biological system. The inability
to generalize results from specific observations is
a major stumbling block in the use of ecological
information for environmental management. We sug-

. gest that the problem be formally recognized and
specific emphasis be given to make each study as
widely useful as possible.

We suggest the following criteria for the selec-
tion of subjects for study in rank order:

1. Systems (or species) with large amounts of
baseline data available (survivorship
curves, age, and growth);

2. Systems (or species) of economic importance;

Systems that are relatively homogeneous
over large areas and therefore have a large
absolute flux of materials; i.e., the cen-
tral oceanic gyres; and

4. Systems of opportunity or exemplary systems
that are of interest because their simplic-
ity or uniqueness would give insight into
more complex processes of transfer or ac-
cummulation of pollutants.
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Table 1 indicates organisms for study that fulfill
these criteria.

I MPORTANCE
CONCEPTUAL
For purposes of both planning and analysis,

formal statements about the structure and function
of the system of concern, be it an organism or an
ecosystem, are useful. Such formal statements take
many forms: metabolic maps, species lists, com-
partmental diagrams, or population models. All

such statements serve the primary purpose of helping
us to organize our plans around the complete system
and to focus on the most significant features of

the system. One of the most versatile formal state-
ments is a mathematical model. Such a model serves
to focus attention in a systematic way and permits
us to carry out simulated perturbations of the sys-
tem that may tell us what the effects of pollutants
will be. It is also possible to perform a sensi-
tivity analysis of such a model, which will tell us
which components of the system are most sensitive

to any perturbation.

Models should be constructed during the planning
and proposal stages of pollution research. These
may be only compartmental models in which the fluxes
and stocks are identified but not yet guantified.

In practice, it would not be possible to construct
a compartmental model for some systems (e.g., the
bathypelagic community) in which all fluxes are
identified. However, by carrying this exercise as
far as possible we can best define our ignorance of
the system and begin to identify what kinds of in-
formation are most needed. As the information be-
comes available, the model is modified (sometimes
in unexpected ways), and it can be tested by com-
puter simulation. Specialists in modeling and pro-
gramming are vital to this phase of the research
and should be brought into the research group at
the outset to overcome interdisciplinary communi-

cation problems.
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TABLE 1 Suggested Study Organisms that Fulfill Selection Criteria

Coastal Coastal Oceanic Anadromous
Pelagic Demersal Pelagic Catadromous
WARM- Seal Seal
BLOODED Marine birds Marine birds
FISH Anchovy Halibut Scombroids Salmon
Herring Haddock Coryphaena Eel
Plaice Migrating
myctophids
CRUSTA- Pleuronocodes Barnacles Nannocalanus
CEANS Centropages King crab Haloptilus
Calanus Blue crab Euphausiids
Euphausia Peneids -
pacifica o
m
) . m
MOLLUSCS Squid Oyster Squid ) -
(Loliginids Mytilids (Ommastrephids m
ommastrephids) enoploteothids) S
w
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Examples of models that have functional utility
for environmental management at the present time
include the population models of fisheries (Beverton
and Holt, 1957), hydrodynamic models of water bodies
that incorporate biological terms for nonconserva-
tive properties (O'Connor, 1965), and models of
nutrient flux and energy flux through marine eco-
systems (Dugdale and Whitledge, 1971; Patten, 1971;
Pomeroy, et al., 1971).

I PLEMENTATION OF THE
C N CEPTUAL EWORK

Observational and experimental information can
be gathered on five levels. These levels have bio-
logical connotations; that is, they are the levels
of biological organization as well as time relation-
ships. Workers at each level should consider the
information needs of the workers above and below

them in the following organizational scheme.

Time Required

Level Biological Organization for Study
I Biochemical - cellular Minutes to hours
11 Whole organisms Hours to months
III Organisms in communities Days to years
under controlled
conditions
v Population dynamics under Months to decades
natural conditions
V - Community dynamics and Years to decades
structure under natural
conditions

Environmental management must be based on an
evaluation of the effects of pollutants on orga-
nisms at each of the five levels. The following
specific recommendations are proposed for each
level to determine the effect of pollutants.
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SPECIFIC RECOMMENDATIONS FOR EACH LEVEL
LEVEL I-a, BIOCHEMICAL-CELLULAR (MICROORGANISMS)

Short-term experiments with microorganisms
{(bacteria, fungi, protozoans, and phytoplankton)
provide a quick and relatively simple method of un-
covering the toxic or inhibitory effects of any
type of suspected pollutant. However, failure to
show an effect does not prove the long term safety
of the substances tested. The short-term param-
eters usually measured are respiration and photo-
synthetic lic uptake. The ATP method of Holm-
Hansen and Booth (1966) and the electron transport
method of Packard (1969; Packard et al., 1971) pro-
vide two new technigues that should also be used.
Past experiments have used two methods of exposure
to the pollutants: '

exposure to the pollutant for a given period
followed by some measurement of bioclogical
activity, or

simultaneous addition of the pollutant and
measurements of biological activity.

There is no way to predict which method is most
relevant to the effect of pollutants on natural
population of microorganisms. We suggest that both
methods of exposure be used. In experiments in-
volving preconditioning of natural populations,
possible changes in species composition should be
monitored during the exposure period.

LEVEL I-b, BIOCHEMICAL-CELLULAR (HIGHER ORGANISMS)

Hisopathology, morbid anatomy, and biochemical
or physiological disfunction all provide an early
warning system for the detection of pollution
effects before it is possible to measure the 'pres-
ence of the pollutant chemically in the environment.

The effects of heavy metals on specific enzymes
and of petroleum, PCB's, and fat soluble pesticides
on lipid metabolism, membrane permeability, and
membrane function should be examined. We recommend
especially the development of tissue-culture.
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techniques for early warning and high sensitivity
detection of pollution effects on marine organisms.

LEVEL II-a, WHOLE ORGANISMS (MICROORGANISMS)

Chemical pollutants may be nutrients or toxins.
The detection of pollution effects should be carried
out on pure cultures, on mixtures of axenic cultures
as well as on bacterized cultures and, when appro-
priate, on natural communities (see Level III).
Desirable experimental conditions include:

Constant flow systems for maintaining constant

concentrations of pollutant throughout the ex-

periment as well as batch exposures that simu-

late conditions where the pollutant is degraded
or consumed;

Initial concentrations of the inoculum similar
to those in nature (e.g., 104 cells/liter or
less);

For unialgal experiments, a comparison of
growth curve and final yield of control and
experimental cultures; and

For mixed cultures and natural populations,
initial and final assessment of species compo-
sition (the change in species composition is as
important a parameter as the change in specific
growth rate).

LEVEL II-b, WHOLE ORGANISMS (HIGHER ORGANISMS)

Organisms in culture can be used for classical
mortality LDgg studies. Such studies should be
done on the most sensitive and ecologically impor-
tant organisms even when this demands further re-
search effort into culture techniques. Experiments
should also be conducted over much longer periods
of time than those used at present.

Threshold determinations should be studied by
presenting the organism with increasing concen-
trations of pollutants below the lethal level.
This extension of the LD50 concept provides
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information useful for early warning, shows the in-
fluence of sub-lethal levels, and provides rate in-
formation for necessary modeling and waste disposal
management.

Thresholds can be of two types: all-or-none
and graded (Figure 1).

100 100
% response
(intra-individual) All-or-none Graded
or
% individuals
responding
0 0
———— Pollutant — = Pollution
concentration congentration

FIGURE 1 Two types of thresholds.

While the abscissae represent increasing pollutant
concentration, the ordinates can represent either
changing response within an individual organism or
numbers of individuals responding. The former has
significance at the organism level, the latter at
the population level. Threshold studies can be
conducted in biochemical, physiological, behav-
ioral, and developmental areas. The following areas
are selected as providing the best return in knowl-
edge and as being critical aspects of an organism's
biology.

Physiology - We recommend study of the effects
of pollutants on membrane function, for exam-
ple osmoregulation (especially as reflected in
salinity tolerance), because membrane function
is vital to the integrity of the organism.

The effects of pollutants on temperature
optima and temperature tolerance are important
because temperature varies so widely in the
marine environment and is so important in con-
trolling distribution.

The effects of pollutants on metabolic rate,
respiratory quotients, digestion, and food con-
version are important because metabolism is a



- TOTE T T T

THE EFFECTS 73

sensitive indicator of general health, of activ-
ity levels and of stress.

Sensory phvsiology —~ Pollutants may interfere
with sensory perception because behavior and
orientation are dependent on input from the
chemical environment to the sense organs. For
example, interference with chemoreception could
influence food selection, homing, and responses
dependent on pheromones. High sensitivity
assays of nerve function are available to pro-
vide a level of analysis not exploited previ-
ously in pollution studies.

Behavior - The modifications of behavior by pol-
lutants should be examined because behavior is
an integrated organism's total response to the
environment. The following areas should be
considered:

- locomotor performance and activity levels,

- chemotactic responses in gradients of
pollutants,

- extinction and modification of learned
responses especially by conditioning
techniques (as an experimental tool), and

- unit behavior such as feeding and
schooling.

Reproduction and development - Reproduction and
early development have been shown to be partic-
ularly sensitive to chemical pollutants (Book-
hout and Costlow, 1970; Bookhout, et al.,
1971). The following aspects of reproduction
and development should be examined:

- fecundity

- fertilization rates
- hatching success

- larval development
- larval behavior

-  abnormalities

- growth rates
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LEVEL III-a, ORGANISMS IN COMMUNITIES UNDER
CONTROLLED CONDITIONS (MICROORGANISMS)

Research is needed to develop methods of assay-
ing long-term response of phytoplankton, bacteria,
and protozoa to pollution. This should be done
directly on natural populations or, possibly, on a
mixture of cultured organisms. If culture orga-
nisms are used, the response of the test mixture
to pollutants would have to be compared initially
with the response of natural populations. If a
test mixture were developed that showed sensitivity
comparable to real systems, it would provide a
technique that could be used widely as a routine
bioassay.

We recommend that natural communities of marine
organisms be cultivated under controlled conditions
over periods equal to several or many life cycles
or many cell division cycles to permit measurements
of the effects of low concentrations of toxic mate-
rials. For photosynthetic, chemosynthetic, and
heterotrophic plankton organisms, the chemostat
offers maximum control of conditions for periods of
weeks or months. A considerable number of marine
phytoplankton species have been successfully brought
under monospecies or axenic cultivation and are
available in type culture collections. Harvesting
at suitable frequency supplies an abundance of
organisms for measurement of important character-
istics expected to vary with time and concentration
of pollutants. Complex techniques, such as provid-
ing an extensive free surface for exposure to petro-
leum fractions and chlorinated hydrocarbons, are
imaginable. The usable results include knowledge
of growth rates of individual species and of path-
ological phenomena at different low concentrations
of toxic substances and indices of hazard to or-
ganisms for a number of substances and concentra-
tions within 2-3 years. Larger plankton can be
cultivated, sampled, and controlled in running
water aquaria, by a quasi-chemostatic technique.

At this level of operation, the disposal of the
toxic substance added to the sea water passing
through the tank requires care.

e e el
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Studies of real communities, because they are
taxonomically complex, require the availability of
skilled specialists. Long term experiments require
measurement of changes in both growth rate and in
the taxonomic composition. Such experiments may be
difficult to evaluate because substantial changes
in taxonomic composition may occur in a period of
days in the control as well as in the test condi-
tions. Because pollutants may have a differential
effect on certain species, enrichment experiments
or pollution assays that measure a parameter such
as photosynthesis over a period of days should in-
clude observations on the changes in species
composition.

It does not seem practical to recommend specific
microorganisms for study. Microorganisms selected
should represent important taxa (diatoms, dinoflag-
ellates, coccolithophores) and be representative of
the latitude and water type considered. Nannoplank-
ton, micro-flagellates, and micro-zooplankton (both
pigmented and non-pigmented) are poorly represented
in culture collections. Because there is evidence
that they are important movers of energy and mate-
rials in the open sea (Johannes, 1964; Beers et
al., 1967; Pomeroy and Johannes, 1966), they de-
serve special attention, which they have not yet
received, in pollution studies. Present methods
for the study, preservation, and culture of these
organisms are not sufficiently well established to
permit us to assess the impact of pollution on them
in a rapid, straightforward manner. General basic
research on these components of the ocean ecosystem
must be encouraged, so that we can eventually under-
stand the effect of pollution on these important
lower trophic levels.

Accurate techniques of measuring activity and
population size of microorganism-degrading pollu-
tants must be elaborated. Such techniques will
permit studies on the effect of a variety of pollu-
tants and their concentrations on specific micro-
bial populations including the effect of environ-
mental factors on a guantitative basis. It will be
important to evaluate the role of the benthic mi-
crobial populations as opposed to the microbial
activity in the water column.
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The microbial attack on, and ultimate removal
of, pollutants by microorganisms is closely related
to physiological and biochemical processes. Based
on Monod's original principle on repression of mi-
crobial enzymatic activities (Monod and Wollman,
1947) and subseqguent work on metabolic regulation,
information should be gathered on the effect of
mixtures of pollutants on the over-all degradation
rate. Multiple substrates (pollutants) may sup-
plement each other or compete with regard to micro-
bial metabolism. Experimental research on growth
and substrate conversion by pure and mixed popula-
tions of microorganisms, as initiated by Stumm-
Zollinger (1966 and 1968), should typify beneficial
and detrimental combinations of pollutants.

Microbial succession during breakdown of complex
organic molecules of pollutants should be studied
in order to evaluate the appearance of intermediate
products. Secondary pollution might occur from
microbial growth on such intermediate products.
Secondary products of microbial transformations
might be more toxic than the primary pollutant.
Multistage chemostats will be used to attack these
problems. Successive populations can be isolated
and studied separately.

Recent microbiological studies have shown a
striking slowdown of bacterial activities in the
degradation of organic matter in the deep-sea
(Jannasch et al., 1971). Studies should be con-
tinued in order to come to a clear understanding of
advantages, disadvantages, and possible dangers of
discharging degradable organic wastes into the deep
sea.

LEVEL III-b, ORGANISMS IN COMMUNITIES UNDER
CONTROLLED CONDITIONS (HIGHER ORGANISMS)

Commercial fish culture technigues include
raising populations of fish in ponds where popula-
tions of organisms at several trophic levels are
integral components of the system. Nektonic,
planktonic, and benthic organisms may be present by
design at any level. Commercial practice may in-
clude the use of nutritious substances supplement-
ing or effectively replacing one of the higher food
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levels, or of only mineral fertilizers, or of native
foods brought by currents. On the other hand, un-
wanted classes or organisms (e.g., benthic flower-
ing plants) may be discouraged or removed by appro-
priate means. Hall, Cooper, and Warner (1970)
demonstrate that valuable scientific data can be
obtained by thoughtful application of these tech-
niques. Use of natural, artifically-enclosed, or
excavated replicate pools in suitable estuarine en-
vironments is recommended to hold wholly or largely
native communities under controlled tidal flushing
for periods of several months while subjected to
chemical treatments held at effectively constant
levels.

The population size of each of a considerable
number of species of fish, large zooplankton, and
smaller forms should be measured at frequent in-
tervals. The age distribution including numbers of
eggs and larvae, should be measured. Important
characteristics expected to vary with time and con-
centration of pollutants as previously determined
by work on biological functions of individual spe-
cies should be observed on a statistically sig-
nificant number of each important species. With
associated experiments, birth rate, mortality, and
recruitment can be estimated. 1In pond experiments
attention should be paid to the bottom sediments,
their biota, and the processes occurring there.

Under these circumstances, it may be possible
to observe, at low pollutant concentrations, de-
partures from the usual relative abundance of dif-
ferent components of the community. Because of
variability in abundance occurring under the most
uniform conditions possible, it will often be dif-
ficult to distinguish changes due to pollution.
However, this experimental approach should provide
other data not obtainable under less natural con-
ditions (e.g., observation of aberrant hunting and
avoidance behavior). Great care will be required
in managing the effluents from such an experiment.

A pond experiment of the type described above
is a relatively long-term project (5-10 years), but
it is a valuable means of linking observations on
single species or on very simple artificial com-
munities to those on naturally occurring
communities.
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LEVEL IV, POPULATION DYNAMICS

Our concern about pollution problems stems
basically from the fear that populations will be
affected. Therefore a number of attributes of
species populations should be determined as one
important means of judging the magnitude of the
threat. The measurements should be made on samples
taken from the target populations. Sampling in all
cases should be done so that statistical confidence
limits and an index of dispersion (é?, or some
other suitable measure) can be calculated.

A number of population variables must be
measured:

+ Biogeographic maps of the species average
distribution and spatial variations in
abundance should be constructed. For many
species it is possible to do this with data
already extant. Whenever possible, indi-
cations of both the total range and repro-
ductive range should be included. Such maps
should be constructed every few years, using
new data.

+ Population size estimates, including eggs
(where appropriate) and larvae, from time
series samples should be made, perhaps using
a spatially stratified random procedure.

+ The age structure of the population should
be determined from time series.

+ The sex ratio of the population should be
determined from time series samples.

+ The pollutant "load" of the population
should be determined from time series.

+ PFecundity of the populations may be esti-
mated by ovary and testis size (or weight)
as a function of size (or weight) of the in-
dividuals in the time series samples. In
some cases this can and should be expressed
as a function of age. Other estimates of

fecundity, such as egg counts, may be better.

+ The condition of the organisms in the time
series samples should be noted (e.g.,
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fatness, thinness, any departures from normal
shape, and color).

+ Gut contents should be determined from the
organisms in the samples. This should be
detailed, detecting, at least, major quali-
tative shifts in food availability and
preference.

+ Pathological examinations of the time series
samples should be made.

+ Observations on the behavior of the organisms
(before sampling in the field) should be
made whenever possible.

Many of the above are already being done, while
others can rather easily be added to existing pro-
grams of research on the recommended species. 1In
all these programs, very careful attention must be
given to the statistical design of the sampling
program, so that confidence limits can be calcu-
lated for every measurement. Furthermore, every
attempt should be made to select sampling strat-
egies that will reduce the confidence limits. De-
tailed measurements of the physical environment
should be taken to correspond to the biological
samples taken.

LEVEL V, COMMUNITY DYNAMICS AND STRUCTURE

Our understanding of community structure,
dynamics, and stability is not well developed for
most neritic and oceanic pelagic areas. In spite
of the rather primitive state of our knowledge in
this field some important facts are known and some
useful techniques and measurements are available.
Recurrent groups (i.e., communities) of a limited
number of zooplankton and diatom species have been
identified in the oceanic North Pacific. Principal
components (i.e., communities) of a limited number
of zooplankton species have been identified in the
oceanic North Atlantic. These studies have,
essentially, outlined the ranges of major communi-
ties in these two areas. Within these two oceans,
and in each of the major community habitats two
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types of time series measurements should be made
for phytoplankton and macrozooplankton.

Measurements of community complexity and degree
of equitability of species abundance can be ex-
pressed by the Shannon-Wiener Diversity Index
(Shannon and Weaver, 1963). This measurement
should be combined with measurements of community
stability, expressed by an index, such as the
Whittiker Percent Similarity Index (Whittiker,
1962). These measurements could provide a feasible
and relatively cheap indication of gradual, subtle,
or abrupt changes in community structure in response
to fallout pollution. These measures are probably
less valuable in neritic zones, which show great
statistical variability, than in the pelagic zone.
Although similar studies on the deep sea benthos
are technically more difficult and more expensive,
they should be made. While the study of micro-
zooplankton and nekton should be included, taxo-
nomic and sampling difficulties may make this im-
practicable at present. Such study is a desirable
goal to insure effective understanding of pollution
effects.

GENERAL RECOMMENDATTIONS

FORTUITOUS EXPERIMENTS

Studies of community and population dynamics
must take place over relatively long time spans so
that information for management may not be avail-
able when needed. However, it may be possible to
take advantage of experiments that have already
been performed fortuitously by the massive intro-
duction of pollutants into the system. Some of
these fortuitous experiments have been documented
and could be used for long term studies. We em-
phasize the value of these events and the need to
compile and review carefully the available history
of changes in populations that have resulted from
local or regional pollution.
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THE VALUE OF HISTORICAL COLLECTIONS

Museum collections provide the only means of
observing the gradual build-up of persistent global
pollutants. We recommend that large collections of
organisms be stockpiled now to provide a baseline
for observation of the accumulation of new or newly
recognized chemical pollutants that will be released
into the global environment in the years ahead.

We recommend that material from a variety of types
of systems (see the section entitled Selecting
Organisms and Systems for Study) be collected as
rapidly as possible and stored in ultra low tem-
perature freezers until more specific storage
recommendations are available.
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GENERAL INTRODUCTTION

Our task group investigated the ultimate fate
of natural or man-made substances that find their
way to the marine environment with the potential
of harming life processes. We had difficulty dis-
tinguishing between the intermediate or transient
fate of a substance and the ultimate fate. Some
substances may cycle through the marine biosphere
for a long time; some, such as heavy metals, may
become deposited in the streams, lakes, or estu~-
aries near the source. Still other substances are
removed from the cycle by biological and chemical
reactions. Because it is sometimes necessary to
consider the biota and the water column as well as
the sediments as sites of deposition, some dupli-
cation with other chapters is unavoidable.

The wide variety of physical and chemical
properties of the potential pollutants requires
that different ultimate fates be considered for
different classes of substances. These substances
fall broadly into three groups: nondegradable
constituents, degradable constituents, and decom-
position products of organic matter.

NONDEGRADABLE CONSTITUENTS

Substances that will not degrade with time or
that degrade so slowly relative to the life of man

83
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that they may be considered stable include trace
metals, inorganic nutrients, the solid minerals
associated with dredging, ash, and a variety of in-
organic chemicals and very long-lived radioisotopes.
The ultimate fate of these materials is best under-
stood by taking a geochemical approach, involving
estimates of input, determination of concentrations,
evaluation of rates of movement and geochemical
reactivity. The field of marine geochemistry is
highly developed, so that such an approach promises
to yield useful results within a few years for cer-
tain critical pollutants.

DEGRADABLE CONSTITUENTS

Among substances that will degrade to simpler,
harmless materials within a short time period are
petroleum, petrochemicals, drugs, pesticides, sew-
age organics, and organic detergents. The fate of
some of these substances, such as petroleum, can be
studied in relation to organic and marine geochemi~-
cal information that has become known during the
past decade. However, evaluation of the impact and
fate of many of these substances, such as the man-
made petrochemicals (e.g., chlorinated hydrocar-
bons), will require new concepts, improved measure-
ment techniques, and extensive field studies.

DECOMPOSITION PRODUCTS OF ORGANIC MATTER

Substances resulting from the degradation of
degradable constituents are the ultimate form of
decomposition of organic matter. The major com-
ponent of this group is carbon dioxide. Carbon
monoxide, nitrogen oxides, sulfur compounds, atmos-
pheric dusts, and partially oxidized intermediates
of organic molecules also occur in guantities suf-
ficient to be of environmental importance. How-
ever, because the oceans contain overwhelming
amounts of these materials or their derivatives as
normal components, most of them will probably have
little impact on the oceans. In the atmosphere,
the concentration of most of these materials is
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controlled through exchange reactions at the air-
water interface. It is, therefore, important to
study the dynamics of these ocean exchanges to
understand and predict the quality of the future
world atmosphere.

POLLUTANTS

NONDEGRADABLE CONSTITUENTS

A number of pollutants are indestructible, in-
cluding heavy metals and dredge spoils that are
essentially free of organic contamination or of the
products of organic decomposition. They may be
converted into different compounds, some of which
are more toxic than the element or its original
compound, but they are never biologically or chemi-
cally decomposed. Characteristically these pollu-
tants have no organic component.

The radionuclides decrease in concentration
according to physical laws controlling their half-
lives. Biochemical activity may change the site or
local concentration of the nuclide but has no effect
on the total amount of the radionuclide in a system.

INORGANIC CHEMICALS

The oceanic fate of inorganic pollutants, such
as heavy metals and what are sometimes referred to
as trace elements, may be dynamic and will depend
on the chemical and physical properties of the
materials entering the ocean and on their subse-
quent oceanic chemistry. For example, particulate
material entering the oceans may remain in the
solid form and reach the ocean floor by direct sed-
imentation, it may be taken up by filter feeders
to become associated with detrital material, or it
may dissolve immediately to participate in both
chemical and biochemical cycling processes. If a
pollutant has a mean residence time in ocean water
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of thousands of years, dynamic cycling within the
ocean is considered its final fate.

Even the natural level of some pollutant ele-
ments in the ocean is of concern. The President's
Council on Environmental Quality (1971) has recent-
ly listed 14 elements (Hg, As, Ba, Be, Cd, Cr, Cu,
Pb, Mn, Ni, Se, Ag, V, and Zn) considered to be
potentially dangerous to health and the environment.
The following criteria assist in determining if
these or other inorganic pollutants would probably
affect the environmental quality of the ocean:

+ 1Is the artificial rate of addition of these
elements high compared to their natural
addition rates? and

+ Are they in a different chemical form than
the naturally occuring element that may be
more readily available and more toxic to
ocean organisms?

Greatly increased concentration of inorganic poliu-
tants has been frequently documented in estuaries
and occasionally documented along coastal areas.
For the open ocean, only anthropogenic Pb has been
demonstrated to be added at rates that are high
compared with natural Pb.

A pollutant element that enters the ocean in a
chemical form that is different from that already
present may be taken up at a much faster rate, and,
therefore, its potential hazard is much greater.
For example, available data indicate that the spe-
cific activity of 55Fe, with a half-life of 2.7 yr,
is 100 to 1000-fold higher in Pacific salmon than
in seawater (Palmer, et al., 1968). These ocbser-
vations have been confirmed (Preston, 1970) by
measurements in Atlantic cod. One concludes from
this that fallout 55Fe is in a chemical or physi-
cal form that is far more available for biological
uptake than the natural iron in the oceans. Fur-
ther studies of Pacific salmon have shown that
their 5°Fe content is decreasing at the same rate
at which stratospheric 55Fe enters the troposphere
(Jenkins, unpublished data), suggesting that all
of the 55Fe is rapidly taken into the biosphere or
otherwise made unavailable.
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A pollutant element may be taken up preferen-
tially by the ocean biosphere and not be diluted by
the natural concentration of that element in sea
water. Several radioelements that enter the ocean
from their stratospheric reservoir could be used as
tracers to define the oceanic behavior of their
trace element pollutant counterparts. These in-
clude 110ag (t¥ = 1 yr), 108ag (t%¥ = 107 yr), 60cCo
(t¥ = 5.24 yr), 1258b (t¥ = 2.6 yr), ©52Zn (t¥ =
265 d), and 54Mn (t¥ = 310 4).

The following research is recommended:

+ The chemical and physical forms of the an-
thropogenic components must be determined
as well as those of the components naturally
present in the ocean and entering the ocean
from natural weathering processes.

+ The changes in chemical form of these ele-
ments occurring with time must be determined.

+ The concentrations of these elements in
organisms, particulates, and bottom sedi-
ments must be established.

In estuaries, reducing environments are impor-
tant in the control of heavy metal concentrations.
Heavy metals are being introduced into near-shore
waters at increasing rates because of human activ-
ity. Some of this material escapes the near-shore
environment and some is trapped there in sediments.
Metals injected into surface waters at other points
in the ocean ultimately make their way to potential
sedimentary traps in the estuaries. If we presume
that an important locus of heavy metal removal is
the estuarine environment, the following specific
problems need to be assessed:

+ What is the actual method of transport of
these elements to the bottom? In particular,
what is the flux from direct injection of
metal-rich sludges and the flux from trace
element incorporation in sinking organic
debris produced in the estuarine water col-
umn? Is there a role played by the scaveng-
ing action of freshly precipitated iron
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oxide? Are detrital sediments, especially
clay minerals directly injected into the
coastal waters without traversing a riverine
system, a source of metal released on contact
with sea water, or are they potential sinks?

What methods can be used to determine rates
of accumulation of sediment on the time scale
of human modification of the environment?

In particular, can 228Ra (t¥ = 6 yr) in
shells or 210pp (t% = 20 yr) in sediments be
used?

What is the actual form of retention of trace
elements in estuarine sediments? What is the
role of sulfide deposition from in situ HyS
production? What is the role of insoluble
organic complexes?

What are the geographical locations of trace
element concentrations within estuarine sedi-
ments and how are they related to potential
sources of supply by trace-element-enriched
streams or sewer outfalls? How well do
estuarine dispersion processes obscure point-
source supplies of trace elements brought in
solution?

What proportion of injected trace elements
bleeds out of an estuary to the open sea?
MnS and FeS have high solubilities in reduc-
ing environments, so that Fet2 and Mn+2 are
released to the overlying water. Compared
to tidal flushing times, the rate of oxida-
tion of these metals and of flocculation of
their oxides is assumed to be slow. As
flocculation occurs, some trace elements
will be adsorbed and removed from the system.
One method of measuring the quantity of
metals transported from an estuary is to
assay deep-sea sediments that are iron-rich.
This method is difficult because the iron
oxide flocs are probably reduced and dis-
solved and reoxidized and flocced many times
before reaching the deep ocean bottom. An-
other method is to sample the water and very
fine-grained iron oxide particles leaving an
estuary, thereby determining composition and
flux.
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RADIONUCLIDES

In the next three decades, an estimated 5000
tons of mixed-fission products representing 860,000
megacuries of radiocisotopes of diverse chemistries,
such as 90sr, 137cs, 85rr, 3H, 95zr, 95Nb, 1l03Ru,
l4lce, and l44Ce, will have to be disposed of in a
way that preserves the low background level of the
oceans. The 908r and 137Cco that reach the oceans
as soluble radioisotopes will move with the water
from those coastal point sources to the offshore
mixed layer. During transport, organisms will re-
move insignificant amounts of the radionuclides.
The volatile radioisotopes 3H and 85Kr will be
caught in the prevailing winds and enter the sur-
face waters downwind from the injections. The
other fission products will be quickly lost from
the water as they settle out on particles. Very
little biological cycling of these elements will
take place in the benthic communities. The great-
est bioclogical uptake at all trophic levels will be
from the variety of neutron-induced products that
are also associated with these fission products,
i.e., 54Mn, 55Fe, 59Fe, 60Co, and 65%Zn.

DEGRADABLE CONSTITUENTS

This class of pollutants includes synthetic
components and mixtures that undergo biological,
chemical, or biochemical degradation. The degra-
dation may be rapid microbiological decay, as for
ordinary agricultural products, or slow chemical or
biochemical change as for the persistent chlorin-
ated aromatic hydrocarbons. Some organic pollu-
tants (e.g., human wastes) may decompose directly
to the original building blocks--carbon dioxide,
water, and nutrients. Others form intermediate
products that may have ecologically harmful prop-
erties (e.g., DDE from the degradation of DDT).
Other pollutants, such as crude oil, that frac-
tionate by evaporation and partial microbial
destruction leave the more refractory components
for longer-term destruction.
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CHLORINATED HYDROCARBONS

Many synthetic chemicals are being introduced
into the environment. Some were developed with a
degree of persistence in order to eliminate certain
pests. Others, like the polychlorinated biphenyls
(PCB's), were developed for particular industrial
purposes with long-lasting characteristics. Sever-
al of these synthetic organic chemicals have appear-
ed in the marine biota.

The questions that must be answered are:

+ What are the rates of change of chlorinated
hydrocarbons in the water, sediments, biota,
and atmosphere?

+ What are the processes producing the change?,
and

+ What are the sinks?

DDT is chosen as an example to follow through
from source to sink because it represents a group
of chlorinated hydrocarbon pesticides that have
been best documented. Because of their similarity
to DDT in properties and behavior, the PCB's prob-
ably follow the same pathways and end up in the
same sinks.

The National Academy of Sciences Panel on Mon-
itoring Persistent Pesticides in the Marine En-
vironment (NAS, 1971a) evaluated available data on
chlorinated hydrocarbons in the marine environment,
to determine their mass balance, to predict their
behavior and ultimate fate, and to recommend needed
action.

The panel members estimated that:

Twenty-five percent of the DDT produced to date
has been transferred to the sea, and, even if
DDT use stopped immediately, the remaining 75
percent in land reservoirs could lead to in-
creased damage in the sea;

Of the annual production of DDT, 0.1l percent
reaches the sea by surface runoff and 25 per-
cent by the atmosphere;

Although chlorinated hydrocarbons have a great
affinity for lipids, less than 0.1 percent of
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the total production of DDT is present in the
marine biota; and

A large proportion of the marine DDT must be in
the upper mixed layer of the sea, in surface
films and sediments.

The validity of the basic assumptions made in
the above study is uncertain and some data have to
be checked (i.e., the average concentration of DDT
residues in plankton; the average concentration of
DDT residues in fish; and the DDT distribution in
the upper mixed layer of the sea). In addition,
knowledge of the following lacks any degree of
certainty and is required, among other things, for
more accurate mass balance evaluations:

+ Average DDT concentrations in open ocean
waters:;

+ Average DDT concentrations in marine sedi-
ments, and any variations in areal distri-
bution;

+ Rate of transfer of DDT from water to biota
and from biota to sediments;

+ Exchange of DDT between sediments, water,
and biota and equilibrium concentrations of
DDT in water overlying the sediments;

+ Degradation rate of DDT, as well as that of
other chlorinated hydrocarbons, in the
marine environment;

+ Partition of DDT and other chlorinated hydro-
carbons between the water and surface films;

+ Concentrations of degradation products of
the chlorinated hydrocarbons in the open sea
water, biota, and sediments (saturation
levels of DDE and DDD in sea water are still
unknown) ; and

+ The amount of DDT and its metabolite taken
up by the sea birds and recycled through
deposition of excrement and bird carcasses
on land.
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PETROLEUM AND PETROCHEMICALS

The determination of the ultimate fate of pe-
troleum, petrochemicals, and similar degradable
materials regquires an understanding of chemical and
biological decomposition processes and of physical
transport processes. Sediment and biota must be
considered as possible significant sites of deposi-
tion of these substances. The extent to which pe-
troleum and petrochemicals have intruded into the
normal marine carbon cycle is important and should
be considered at two levels:

Has there been a gross shift in the carbon cycle
due to this new carbon source in estuaries; and

Has there been a significant introduction of
specific petromolecules into a meaningful num-
ber of marine organisms.

Petroleum is a complex mixture containing sev-
eral types of potential pollutants. Petroleum con-
sists of paraffins, aromatics, asphaltics, and a
variety of minor constituents. Petrochemicals are
equally complex. Hundreds of synthetic organic
chemicals are included in the more than 100 million
pounds produced in the United States every year.
Some of the substances are potential pollutants,
especially in the near-shore environment. Chemical
and biological stability, amount released, and bio-
toxicity are the guides that should be used to
evaluate which of these materials may affect the
marine biota.

Although it is not feasible to recommend a com-
plete and inclusive research program for organic
chemicals in the marine environment, certain spe-
cific investigations are needed.

The amounts of total dissolved organic carbon
(DOC) and particulate organic carbon (POC) in the
open sea are well documented, except perhaps in the
major shipping lanes. The highly restricted estu-
aries which are naturally more variable and diffi-
cult to describe, have received less study. A
major effort should be made to establish the DOC
and POC levels in the major restricted estuaries
of the US with potential pollution by petroleum.
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The gross impact of man-induced organics on
open-sea sediments is probably small except for very
local situations. However, the sediments of estu-
aries are most probably serving as gross reservoirs
for the large inputs of organic material.

Several synthetic and natural organic chemicals,
particularly chlorinated hydrocarbons such as DDT
and PCB, have appeared in the marine biota. Studies
are urgently needed both in the open sea and in
near-shore waters to determine which of the thous-
ands of synthetic organic chemicals have made a sig-
nificant appearance in the marine biota.

Petroleum is the raw material for the petrochem-
ical industry and the major source of energy for
society. It represents the most massive amount of
organic material being injected into the marine en-
vironment. In fact, the introduction of petroleum
into the marine environment has aroused the concern
of the President, the Congress, and the general
public more than has any other environmental pollu-
tant. Fortunately, much is known about the compo-
sition and chemical and physical properties of pe-
troleum. Much is also known about the natural lipid
composition of marine biota and sediments. The
gquestion that remains to be answered is: To what
extent have petroleum-type molecules appeared in
marine biota and sediments? A research program
should include the following elements:

+ Systematic studies of o0il spills. The pro-
cesses that degrade an oil spill should re-
ceive particular attention. These should
include dispersion due to physical processes,
rates of chemical and biological oxidation
of o0il under marine conditions, rates of
evaporation and dissolution, and rates of
uptake by sediment.

+ A search for specific indicator petroleum
molecules in open sea and marine organisms.
These should include a readily degraded
molecule type, such as normal paraffins, and
a resistant molecule, such as a polycyclic
aromatic.

+ Improved analytical methods, especially for
the higher molecular-weight fraction of
petroleum.
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NUTRIENTS

Phosphate and nitrate additions to the ocean
from man-made sources are of considerable signifi-
cance to the quality of local coastal environments,
including estuaries, bays, coastlines, and (in some
instances) the near-shore continental shelf. How-
ever, these additions are probably of little sig-
nificance to the total oceans. If a world popula-
tion of 6 x 109 people were to inject their meta-
bolic wastes into the ocean, it would require
100,000 years to increase the present fixed nitro-
gen components by 100 percent.

The major effect of excessive additions of nu~-
trients to the coastal zone is excessive growth of

non-endemic plants leading to a change in food chain

components for indigenous organisms, frequent in-
crease in the biochemical oxygen demand, lowering
of the transparency of the water, and general de-
terioration of esthetic, recreational, and commer-
cial value of the area. Nutrients discharged in-
to the world's drainage systems reach the marine
environment or are incorporated into bottom sedi-
ments in fresh water streams or lakes. These nu-
trients may cycle through several biotic stages in
their journey through streams, lakes, rivers, and
estuaries. Either through this indirect route or
by direct transport, a large portion of them will
eventually reach the open ocean to participate in
oceanic processes along with the abundant supply
already present. Nutrients seem to offer little
threat to the world ocean environment. The prob-
lem is related largely to the effect of nutrient
additions to local areas.

Adequate knowledge is available on the effect
of nutrients on plant growth, nutrient cycles,
sediment-water relationships, the ratio of nutri-
ents required for growth, the effect of added or-
ganic load on the oxygen requirements for metabo-
lism, and engineering know-how for handling of
material. To cope with the local nutrient problem
techniques need to be developed to enhance flush-
ing or dilution rates of local areas, either by
using natural circulation of the system to better
advantage or by enhancing dilution by proper out-
fall design. A better understanding of the
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consequences of coastal nutrient enrichment in off-
shore regions and much more thorough knowledge of
the transport of coastal water to the deep sea is
needed.

MUNICIPAL AND SOLID WASTES

Several general types of materials are derived
from the discharge of municipal and solid wastes
in coastal waters:

+ Organic wastes that deplete dissolved oxygen
and cause damage to bottom fauna;

+ Toxic materials such as heavy metals, pesti-
cides, petrochemicals, and other industrial
wastes;

+ Bacterial and viral contaminants from sewage
that give rise to a potential public health
problem;

+ ExXcess nutrients that can cause over-stimu-
lated growth of certain life species; and

+ Dredge spoils that by their mere bulk alone
can cover appreciable bottom areas and af-
fect unfavorably the benthic communities.

The eventual fate of the decomposable organic
fraction of the wastes depends entirely on the
ability of the surrounding waters to handle the
chemical and biological oxygen demand associated
with the waste. If the rate at which the material
is being added exceeds the rate of oxidation (which
is true in many localized situations), the degrada-
tion of the bottom environment becomes irreversi-
ble and anoxic conditions eventually result, lead-
ing to formation of noxious hydrogen sulfide and
continued accumulation of organic sludge. If the
dumping is stopped, can the situation be reversed?
The rates of recovery of a dumping area after dis-
continuance of the dumping will depend on local
conditions, rate of renewal of oxygenated waters
near the bottom, the type of waste dumped, and
natural silting processes. In general, the surface
layers of the sludge will begin to oxidize at a
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rate dependent on that of renewal of oxygenated
waters. Eventually, the anoxic condition of the
bottom waters will disappear. However, the organic
material buried beneath the surface layers will tend
to remain virtually unchanged, because oxidation
rates will be limited by the extremely slow proc-
esses of diffusion. A similar situation will be ob-
tained if inert material (i.e., certain types of
dredge spoil or natural siltation involving materi-
als such as clays and sand) is deposited on top of
the organic sludge.

In general, toxic materials entrapped in munici-
pal and solid wastes will be released only from the
surface layers. Little is known about the rate of
release, which depends on localized conditions.

With the exception of toxic elements and nutri-
ent chemicals, dredge spoils are mostly inert and
exert their effects through physical processes such
as increased turbidity from suspended particulates
and destruction of bottom life by physical burial.
Factors determining the rate of recovery of an area
where dumping of dredge spoils has been discontin-
ued are relatively unknown; the turbidity effects
are presumably short-lived, but the rate at which
bottom life is able to re-establish itself may well
be slow.

END PRODUCTS OF DEGRADATION

The average concentration in the atmosphere of
gaseous products resulting from degradation of or-
ganic materials has been estimated by the MIT work-
ing group on "Man's Impact on the Global Environ-
ment" (SCEP, 1970) to be 315 ppm for CO2, 0.20 ppm
for H20, 6.8 ppb for CO, 6.8 ppb for NO and 0.16
ppb for S02. All of these gases are important to
the global environment, and changes in their con-
centration will affect its quality. Each has its
own peculiar interactions with the oceans, but
studies on any of these will probably follow the
same general pattern for investigation as that
outlined below for carbon dioxide.
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CARBON DIOXIDE

The surface mixed layer of the ocean from sur-
face to 200 meters contains about the same amount
of carbon dioxide as the atmosphere. The deep ocean
contains about 50 times this amount. The circula-
tion between the mixed and deep ocean is remarkably
slow. The time scale of CO3 injection into the at-
mosphere from man's additions, coupled to the slow
turnover rates of the ocean, places a heavy burden
on the atmosphere as a reservoir for excess car-
bon dioxide created by man's activities. Broecker,
Li, and Peng (1971) estimate that the atmospheric
concentration will be twice its present value in
the early 2000's. Others (SCEP, 1970) have pro-
vided a longer estimate of the doubling time. There
are many assumptions connected with the available
estimates, and input to the models and rates of ex-
change are made from limited data.

The importance of atmospheric concentrations of
carbon dioxide to man's future life on the earth
cannot be questioned. Its distribution between the
ocean and the atmosphere is mainly an oceanographic
problem, and it is therefore the responsibility of
the ocean science community to gain a clear under-
standing of the behavior of carbon dioxide in the
hydrosphere and its rates of exchange with the at-
mosphere on a worldwide basis.

The following questions must be answered to de-
termine the fate of carbon dioxide in the oceans
and atmosphere:

What are the rates of exchange of carbon dioxide

through the sea surface?

What are the physical and other processes of
the ocean that transport carbon dioxide both
horizontally and vertically, and how rapidly
do these occur?

Has carbon dioxide a potential for lowering

the pH of ocean water or for affecting ocean
chemistry in any way to cause a release of
carbon dioxide from other carbon dioxide reser-
voirs, such as calcium carbonate?

Will shifts in pH due to addition of carbon
dioxide at the surface of the sea cause changes
in the surface chemistry of the ocean? and
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What are the dynamics of carbon dioxide ex-
change through the ocean surface?

Sufficient information pertinent to oceanogra-
phy is now available on the composition of the at-
mosphere. Long-range changes in the atmosphere are
necessary, of course, to check ocean exchange models
and material balance computations. The distribution
of carbon dioxide pressures in surface waters of the
world ocean, especially the identification of sinks
and sources, such as upwelling, is incompletely
known, however, the need for additional broad sur-
veys seems unnecessary. Our understanding of the
chemistry of the carbon dioxide system of sea water
and techniques for measuring the various components
with a high degree of accuracy is mostly satis-
factory.

Rate-of-exchange data over a natural ocean or
even freshwater lakes are almost totally lacking.
Development of techniques for measuring to a high
precision the COp pressures near the sea surface is
needed for both the air and water phase to obtain
concentration-gradient data from which exchange
rates can be calculated. The effective film thick-
ness for CO, at the sea surface must be calculated.
More must be learned about the composition and
physical chemistry of the sea surface. The impor-
tance of upwelling of waters from below the well-
mixed layer rich in CO, to the total atmospheric
and oceanic reservoirs should be studied. The
present concepts of the kinetics of the exchange of
components within the carbon dioxide system should
be reviewed to determine if the theory fits the en-
vironmental observations.

RECOMMENDATTIONS

The fate of anthropogenic substances in the
oceans defines their immediate and long-term effect
on environmental gquality. This fate is controlled
by chemical, geochemical, and biological processes
that must be thoroughly investigated with emphasis
on the role of pollutants.
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We should take the opportunity to study selected
pilot areas where harmful substances have never been
added to the environment but are expected to be in-
troduced within a few years. Within limits of pres-
ent technology such studies should aim to establish
baseline data that can show the effect of later
stress imposed by man.

GENERAL

All marine studies of the fate of pollutants
should include the following information:

+ A baseline survey of existing concentrations
in the waters, in the biota, and in the
sediment;

+ The effect of the pollutant on the metabolic
processes of selected indigenous organisms;

+ Dilution rates, physical transport rates,
and, where applicable, the flushing rate of
the system;

+ Transfer rates of the material in question
between the water, biota, and sediments,
and the residence time in each of these
reservoirs; and

+ The chemical and biological reactions, the
rates involved, and, for degradable materi-
als, the products of decomposition.

SPECIFIC RESEARCH PRIORITIES

+ Petroleum:

The decomposition rates of representative
petroleum fractions in the environment;

The amount and kind of major fractions of
petroleum in water, biota, and sediments;

Physical processes leading to dispersion,
transport, and disposition; and

Losses due to evaporation.
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+ Chlorinated Hydrocarbons:

Degradation rates of the chlorinated hydro-
carbons and their metabolites in the ma-
rine environment;

Rates of sedimentation of chlorinated
hydrocarbons through the water column, in-
cluding the biota; and

Transfer rates of DDT and other chlorinated
hydrocarbons at the air-sea interface, in
the presence and absence of an oil slick,
and at the water-sediment interface.

+ Municipal Wastes:

The persistence of bacterial and viral com-
ponents in sea water;

The rate at which toxic elements and harm-
ful chemicals leach out of the solid
wastes; and

The rate of recovery of a dumping area
after dumping activities have ceased.

+ Radionuclides:

Cycling of 37, 83kr, and 239Pu in the ma-
rine environment; and

Continued studies of pathways of 59%n,
Fe, 00co, and 652n in the marine en-
vironment associated with that of natural

isotopes of these elements.

+ Heavy Metals:

Chemical and physical forms of anthropo-
genic material entering the ocean and of
natural marine counterparts;

Movement of heavy elements through the
principal marine biota in the food web; and

Kinetics of transfer processes.
+ Carbon Dioxide:

Rates of exchange of carbon dioxide be-
tween sea and atmosphere; and

Physical chemistry of the air-sea
interface.
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